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ABSTRACT 
Floral and extrafloral nectar, produced by nectaries, is offered as a reward to foster 
plant-animal mutualisms with pollinators and invertebrate predators. Attraction of 
pollinators through floral nectar improves fruit set in 87 out of 115 global food crops.  
Meanwhile extrafloral nectar, reported in 745 genera, attracts invertebrate predators, such 
as ants, as an indirect defense mechanism to reduce herbivory. Nectar quality (i.e. volume 
and composition) strongly correlates with the efficiency of these plant-animal mutualistic 
interactions, yet nectar composition has typically only been defined by targeted analyses 
of the two most predominant classes of metabolites, carbohydrates and amino acids.  Other 
less abundant components of nectar are often unaccounted (i.e. vitamins, alkaloids, 
phenolics, terpenoids, lipids, metal ions, hormones, and proteins). Furthermore, molecular 
understanding of nectar synthesis and secretion is limited to a few reports of genes directly 
affecting the de novo production or quality of floral nectar.  
Comprehensive GC-MS based metabolomics techniques capable of quantifying 
trace components of nectar were used to characterize nectar composition from species, 
spanning three eudicot families (Cucurbitaceae, Malvaceae, and Solanaceae). This enabled 
examination of relationships between nectar composition and biological factors such as the 
sex of the flower, plant-animal mutualisms, and functional role of the nectar regarding 
plant reproductive success and defense (i.e. floral and extrafloral nectar).  
These analyses contributed the metabolomics portion of a comprehensive systems 
network-based project to define the conserved molecular mechanisms of nectar synthesis 
and secretion among floral and extrafloral nectaries of the core eudicots. Through the 
analysis of the transcriptomes and proteomes of nectaries from a broad range of 
phylogenetic plant clades, we identified core sets of genes conserved within eudicots 
required for nectary synthesis and secretion. These results also supply a foundation for 
targeted studies of nectar quality improvement, which will benefit pollinator health, 
promote plant reproductive success, and enhances biological control of crop pests.    
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CHAPTER 1: GENERAL INTRODUCTION 
Nectaries are specialized glandular tissues of plants first recognized by Linnaeus (1758) 
that function to produce and secrete nectars, sugar-rich solutions. Nectaries present on a 
recognized floral structure are referred to as floral nectaries, whereas nectaries developing 
outside of the flower (stems, petioles, leaves etc.) are referred to as extrafloral nectaries. The 
secreted nectars are presented as rewards to animal mutualists in exchange for the ecosystem 
service of pollination in the case of floral nectar and indirect resistance to herbivores by 
recruiting pugnacious predatory insects to the extrafloral nectar (Chamberlain and Rudgers, 
2012; Mitchell et al., 2009; Ollerton, 2017; Wäckers et al., 2001). The patterns of nectar 
secretion vary between floral and extrafloral nectaries in order to optimize benefits while 
minimizing the energetic cost of producing nectar (Heil, 2011; Pleasants, 1983; Wäckers and 
Bonifay, 2004). The floral nectaries typically produce nectar during anthesis, whereas the 
extrafloral nectaries modulate nectar secretion based on environmental stressors such as insect 
herbivory (Heil, 2015; Wäckers et al., 2001). Nearly 75% of our global food crops depend on 
or benefit from animal-mediated pollination commonly facilitated by floral nectar which 
improves seed set and promotes outcrossing  (Klein et al., 2007). Even in cotton, a largely self-
pollinated crop, honey bee visitation facilitated by the floral nectar increases yield (Rhodes, 
2002).  
In a variety of crops such as oilseed rape, sunflower, pumpkin, and tobacco, variations 
in nectar composition, viscosity, and volume directly influence the frequency of pollinator 
visitation (Carruthers et al., 2017; Mallinger and Prasifka, 2017; Nepi and Pacini, 1993; 
Raguso et al., 2003). More generally, nectar composition often reflects the feeding preferences 
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of the target animal-mutualist shaped by factors such as dietary requirements to sustain 
foraging and neuronal response to phagostimulatory metabolites. (Baker and Baker, 1983; 
Chen and Welch, 2014; Gardener and Gillman, 2002; Hendriksma et al., 2014; Waller, 1972). 
The most conserved classes of nectar metabolites are carbohydrates, predominately fructose, 
glucose, and sucrose, and amino acids which are present at concentrations a thousand-fold less 
than the carbohydrates (Lüttge, 1977; Nicolson and Thornburg, 2007). Thus, nectar ecology 
studies typically define nectar composition based upon targeted analyses of predominant 
sugars and occasionally the amino acids. The ratios of the predominate nectar sugars are the 
primary means of classifying nectars, into four categories: hexose-dominant, hexose-rich, 
sucrose-rich, and sucrose-dominant (Baker and Baker, 1983). In addition to carbohydrates and 
amino acids, nectars are complex solutions that contain some or all of the following 
constituents: vitamins, alkaloids, phenolics, terpenoids, lipids, metal ions, hormones, and 
proteins (Richardson et al., 2015; Roy et al., 2017). Global assessments of these ‘trace’ nectar 
metabolites using metabolomics techniques is a recent development (Bender et al., 2012, 2013; 
Kram et al., 2008; Noutsos et al., 2015).  
 The hypothesized mechanisms of nectar production and secretion are historically based 
on ultrastructural analyses, which have generated two models: (1) merocrine also referred to 
as granulocrine and (2) eccrine (Fahn, 1979). In both models, pre-nectar metabolites are 
photosynthetically derived within the nectary, or they are delivered by the vasculature to the 
nectary parenchyma tissue. In either case, the abundance of plasmodesmata supports 
symplastic transport of pre-nectar metabolites to the nectariferous parenchyma (Bernardello et 
al., 2007; Fahn, 1979, 1988). In the merocrine model, final transport of nectar metabolites out 
of the cell is facilitated by vesicle fusion to the plasma membrane. This is supported by the 
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typical abundance of endoplasmic reticulum and Golgi bodies within the nectariferous 
parenchyma (Fahn, 1979). In contrast, the eccrine model utilizes pores and transported to move 
nectar metabolites through the plasma membrane [reviewed by (Roy et al., 2017)]. Enabled by 
advancements in ‘omics’ technologies, the eccrine model is supported by molecular genetic 
evidence primarily using the floral nectaries of Arabidopsis and Nicotiana spp. as models, and 
is recently extended to floral nectaries of Cucurbitaceae (Hampton et al., 2010; Kram et al., 
2009; Lin et al., 2014; Liu and Thornburg, 2012; McKim et al., 2008; Ren et al., 2007; 
Ruhlmann et al., 2010; Solhaug et al., 2019; Thomas et al., 2017). In this eccrine model, nectar 
is produced in five steps (1) pre-nectar metabolites are stored as starch, (2) starch is degraded, 
(3) sucrose is synthesized, (4) the uniporter SWEET9 exports sucrose into the apoplasm, and 
(5) CELL WALL INVERTASE4 (CWINV4) catalyzes the extracellular hydrolysis of sucrose. 
These five steps explain incorporation of sucrose, glucose, and fructose into nectars, but leaves 
mechanisms for incorporation of all other nectar metabolites unknown. It is previously 
suggested that active transport using ATPase transmembrane transporters and proton gradients 
facilitate the incorporation of nectar metabolites (Bernardello et al., 2007; Chatt et al., 2018; 
Eleftheriou and Hall, 1983; Peng et al., 2004; Vassilyev, 2010).  
 In this dissertation, ‘omics’ technologies, transcriptomics, proteomics, and 
metabolomics, were leveraged to expand characterization of nectar composition and the 
molecular mechanism underlying nectar production. Transcriptomics and proteomics of 
nectaries as they progressed from the pre-secretory to secretory to post-secretory stages was 
used to test for conservation of the eccrine model of nectar production and secretion in the 
eudicot families Malvaceae and Cucurbitaceae using Gossypium hirsutum and Cucurbita 
maxima c.v. Big Max as models. Selection of G. hirsutum also enable testing the eccrine model 
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for the first time in both extrafloral nectaries and nectaries structurally composed of glandular 
trichomes. In combination with an understanding of G. hirsutum glandular trichome 
ultrastructure at the time of nectar secretion, we identified gene expression patterns indicative 
of biochemical alterations to the cell wall and cuticle coinciding with facilitation of nectar 
secretion. Through the inclusion of C. maxima, monoecious plant with unisexual flowers, we 
were able to determine whether sex-dependent variation in nectar composition occurs at the 
level of both the metabolome and proteome, and secondarily define potential metabolic links 
between the proteomes and the production of nectar metabolites. Lastly, characterization of 
floral nectars from 15 Nicotiana species enable assessment of the contributions of phylogeny 
and time of flowering to the nectar composition and the extent to which nectar composition 
reflect preferred pollinator feed preferences.       
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CHAPTER 2. SEX-DEPENDENT VARIATION OF PUMPKIN (CUCURBITA 
MAXIMA CV. BIG MAX) NECTAR AND NECTARIES AS DETERMINED BY 
PROTEOMICS AND METABOLOMICS 
 
Modified from paper published in Frontiers in Plant Science. (2018) 9:860. doi: 
10.3389/fpls.2018.00860 
Elizabeth C. Chatt1, Patrick von Aderkas2, Clay J. Carter3, Derek Smith4, Monica Elliott4 and 
Basil J. Nikolau1 
Abstract 
Nectar is a floral reward that sustains mutualisms with pollinators, which in turn, 
improves fruit set. While it is known that nectar is a chemically complex solution, extensive 
identification and quantification of this complexity has been lacking. Cucurbita maxima cv. 
Big Max, like many cucurbits, is monoecious with separate male and female flowers. 
Attraction of bees to the flowers through the reward of nectar is essential for reproductive 
success in this economically valuable crop. In this study, the sex-dependent variation in 
composition of male and female nectar and the nectaries were defined using a combination of 
GC-MS based metabolomics and LC-MS/MS based proteomics. Metabolomics analysis of 
nectar detected 88 metabolites, of which 40 were positively identified, and includes sugars, 
sugar alcohols, aromatics, diols, organic acids, and amino acids. There are differences in 29 
                                                          
1 Department of Biochemistry Biophysics and Molecular Biology, Iowa State University, 
Ames, IA, USA 
2 Department of Biology, University of Victoria, Victoria, BC, Canada 
3 Department of Plant and Microbial Biology, University of Minnesota Twin Cities, St. Paul, 
MN, USA 
4 UVic Genome BC Protein Centre, Victoria, BC, Canada 
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metabolites between male and female nectar. The nectar proteome consists of 45 proteins, of 
which 70% overlap between nectar types. Only two proteins are unique to female nectar, and 
10 are specific to male nectar. The nectary proteome data, accessible at ProteomeXchange with 
identifier PXD009810, contained 339 identifiable proteins, 71% of which were descriptively 
annotatable by homology to Plantae. The abundance of 45 proteins differs significantly 
between male and female nectaries, as determined by iTRAQ labeling. This rich dataset 
significantly expands the known complexity of nectar composition, supports the hypothesis of 
H+-driven nectar solute export, and provides genetic and chemical targets to understand plant–
pollinator interactions. 
Introduction 
Nectar is the most common floral reward used by angiosperms to mediate a mutualistic 
relationship with pollinators, and improves the plant’s reproductive success by promoting 
outcrossing (Mitchell et al., 2009). In crops such as oilseed rape (Carruthers et al., 2017), 
sunflower (Mallinger and Prasifka, 2017), and pumpkin (Nepi and Pacini, 1993), variations in 
nectar composition and volume directly influence the frequency of pollinator visitation. 
Because 87 out of 115 global food crops are dependent on or achieve improved fruit set through 
animal-mediated pollination (Klein et al., 2007), a potential future breeding goal could target 
improved nectar traits. However, in order to exploit this trait, a more comprehensive 
understanding of nectar composition is needed.  
Nectar is a complex solution that, depending on the species, may contain some or all 
of the following constituents: carbohydrates, amino acids, vitamins, alkaloids, phenolics, 
terpenoids, lipids, metal ions, hormones, and proteins (Richardson et al., 2015; Roy et al., 
2017). The two most predominant classes of metabolites are carbohydrates followed by amino 
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acids (Lüttge, 1977). A system of nectar classification based on the ratios of predominant 
sugars proposed by Baker and Baker (1983) defines four classes of nectar: hexose-dominant, 
hexose-rich, sucrose-dominant, and sucrose-rich. Different clades of animals are attracted to 
different hexose-sucrose ratios and nectar amino acid profiles (Baker and Baker, 1983; 
Gardener and Gillman, 2002; Hendriksma et al., 2014; Nepi, 2014). Thus, nectar ecology 
studies typically define nectar composition based upon targeted analyses of predominant 
sugars and occasionally the amino acids. To date, few studies have applied metabolomics 
techniques to study nectar composition (Bender et al., 2012, 2013; Kram et al., 2008; Noutsos 
et al., 2015). Metabolomics, as used in this study, can potentially detect novel secondary 
metabolites important for pollinator attraction and health, which are instrumental in sustaining 
the ecosystem service of pollination.     
While most analyses have concentrated on small molecular weight compounds, such 
as sugars, recent studies have revealed an abundant and diverse proteome. Nectar proteins 
(nectarins) studied thus far either display anti-microbial properties (Carter and Thornburg, 
2004; Hillwig et al., 2010, 2011; Kram et al., 2008; Zhou et al., 2016) or modify carbohydrates 
(González-Teuber et al., 2010; Nepi et al., 2011a, 2012).  A nectar redox cycle discovered in 
Nicotiana nectar is based on anti-microbial nectarins that produce hydrogen peroxide, which 
inhibits microbial infection of the nectary (Carter et al., 2007; Carter and Thornburg, 2000, 
2004). On occasion, the microbial defense function and carbohydrate modification reactions 
overlap. For example, in Cucurbita pepo nectar the degradation of pathogen elicitor xylans by 
β-xylosidases can suppress pathogen infection (Nepi et al., 2011a, 2012).   
Cucurbita maxima c.v. Big Max is an ideal system to study sex-dependent variations 
of nectar, because it is a monoecious plant with unisexual flowers. Male flowers of C. maxima 
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produce three times less nectar than females and out-number the female flowers 3:1 (Ashworth 
and Galetto, 2002). In both the male and female flowers, nectariferous tissue lines the adaxial 
receptacle surface. Secretion of sucrose-dominant nectar produced by starch hydrolysis 
beginnings at dawn the day of anthesis and ceases by noon at which point reabsorption of 
unconsumed nectar occurs (Ashworth and Galetto, 2002). Detailed studies of nectar dynamics 
in C. pepo have found significant sex-dependent variation when comparing the nectar sugar 
concentration, nectar volume, and rates of nectar production (Nepi et al., 2001).  
The main objective of this study was to determine whether sex-dependent variation 
occurs in nectar composition at the level of both the metabolome and proteome, and 
secondarily to define potential metabolic links between the proteomes and the production of 
nectar metabolites. Thus, the combined application of metabolomics and proteomics analyses 
better define nectar biology of Cucurbita maxima c.v. Big Max.  The nectar of male and female 
flowers was analyzed using a GC-MS based untargeted metabolomics approach, as well as 
targeted amino acid profiling. For the first time in cucurbits, the proteomes were examined 
using LC-MS and iTRAQ (isobaric tag relative and absolute quantitation) to measure nectary 
protein expression. The collected omics-data were interpreted in the context of two models of 
nectar secretion, the merocrine and eccrine models (Roy et al., 2017). 
Material and Methods 
Plant Materials, Growth Conditions, Sample Collection 
Seeds of Cucurbita maxima c.v. Big Max were sown in 4-inch peat pots in a 
greenhouse. Approximately 2 weeks later, 17 seedlings that were at the two-leaf developmental 
stage were transplanted to a field plot located at the North Central Regional Plant Introduction 
Station, Ames, IA, United States (42°00'40.8"N 93°39'46.9"W). Plants were enclosed by a 
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4.5m x 12m x 2m polyethylene (natural amber) mesh cage to reduce accessibility by insects 
and the consumption of nectar by pollinators. All nectar and nectary samples were collected at 
anthesis between 8:00 am and 11:00 AM. Flowers were removed from the plant before 
collecting nectar using an AlphαPetteTM pipette with sterile tips. Nectary tissue was then 
dissected from the flower using a sterile scalpel. Nitrile gloves were worn during all 
collections. All samples were immediately flash-frozen and stored in liquid nitrogen before 
long term storage at -80 °C.  
Nectar Metabolite Extraction and Analysis 
Untargeted metabolomics  
An untargeted metabolomics extraction method was adapted from Schmidt et al. 
(2011). Each extraction used 20 µL of nectar collected from a single flower. For biological 
replication purposes, extracts were prepared from at least six independent male and female 
flowers, and they were processed and analyzed individually without pooling. Prior to the 
extraction, internal standards (5 µg nonadecanoic acid and 2 µg ribitol) were added to the 
nectar sample. The mixture was immediately incubated for 10 min with 3.5 mL of hot methanol 
(60 °C) followed by sonication for 10 min. Chloroform (3.5 mL) and water (3 mL) were added 
and the mixture was vortexed after the addition of each solvent. The mixture was centrifuged, 
and the top polar, and bottom non-polar layers were recovered separately. The entire non-polar 
layer (3 mL) and 2 mL of the polar layer were transferred to individual 2 mL screw-cap glass 
vials and dried overnight by lyophilization. The analysis of predominant sugars (glucose, 
fructose, and sucrose) was conducted with a 1-µL sample of nectar, which was spiked with 25 
µg ribitol and the mixture was dried overnight by lyophilization. The dried polar extracts and 
the predominant sugar preparations underwent methoximation for 90 min with 20 mg mL-1 
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methoxyamine hydrochloride in pyridine at 30 °C with continuous agitation. All samples 
including the dried non-polar extracts were silylated for 30 min at 60 °C with BSTFA/ TMCS 
(N,O-Bis(trimethylsilyl)trifluoroacetamide/ Trimethylchlorosilane) . The predominant sugar 
samples were diluted with 1 mL pyridine. Samples were analyzed using a GC/GC-MS 
consisting of an Agilent Technologies Model 6890 gas chromatograph equipped with an 
Agilent HP-5ms Inert (30 m, 0.25 mm, 0.25 µm) column and a low thermal mass (LTM) oven, 
which was coupled to Model 5975C mass spectrometer. GC was conducted with a helium gas 
flow rate of 1 mL min-1, 1 µL injection, and a temperature gradient of 80 °C - 320 °C at a rate 
of 5 °C min -1. A heart-cut method, which diverted gas flow to a secondary LTM column at the 
elution times for fructose, glucose, and sucrose, was utilized to analyze the minor components 
of the polar extracts. Deconvolution and integration of resulting spectra was performed with 
AMDIS (Automated Mass Spectral Deconvolution and Identification System) software. 
Analyte peaks were identified by comparing mass spectra and retention indices to the NIST14 
Mass Spectral Library and when possible, to authentic standards to confirm chemical 
identification (Stein, 1999).  
Targeted amino acid analysis 
Analysis of amino acids was performed using the Phenomenex EZ:FaastTM kit for free 
amino acids (Torrance, CA, United States). Each sample (60 µL nectar per extraction) 
consisted of nectar pooled from four individual flowers. Six replications were analyzed for 
each sex. Sample preparation from solid phase extraction to derivatization were completed 
according to the manufacturer with one adjustment: after addition of the norvaline internal 
standard to each sample, 125 µL of 10% propanol/20 mM HCl was added to acidify the sample. 
Following derivatization, samples were concentrated under a stream of nitrogen gas before 
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amino acids were analyzed using an Agilent Technologies model 6890 gas chromatograph 
coupled to a model 5973 mass selective detector capable of electrical ionization (EI). The GC-
MS instrument settings followed the manufacturer’s recommendations.     
Nectar Proteomics 
Nectar samples were collected from three individual flowers of both male and female 
flowers, and these samples were pooled to average biological differences among the two flower 
types.  These pooled nectar samples were analyzed individually for both male and female 
flowers. Nectar samples were first reduced with dithiothreitol for 30 min at 37 °C and alkylated 
with iodoacetamide for 30 min at 37 °C. Each sample was digested with 2 µg trypsin for 16hr 
at 37 °C). Desalting was completed using a Waters HLB Oasis column followed by 
concentration in a Speed-Vac. Peptide mixture were rehydrated to 50 µL using a solution of 2 
% acetonitrile and 2% formic acid.  Six microliters were injected for LC-MS/MS analysis using 
a Thermo Scientific EASY-nLC II system coupled to an LTQ Orbitrap Velos Pro mass 
spectrometer equipped with a Nanospray Flex source. The LC system utilized a Magic C-
18AQ reversed-phase pre-column (100 µm I.D., 2 cm length, 5 µm, 100 Å) and in-house 
prepared reversed-phase nano-analytical column packed with Magic C-18AQ (75 µm I.D., 15 
cm length, 5 µm, 100 Å). The solvent system consisted of buffers A (2 % acetonitrile, 0.1 % 
formic acid) and B (90 % acetonitrile, 0.1 % formic acid) with a 90 min linear gradient (0 min: 
5 %B; 90 min: 30 %B; 2 min: 100 %B; 8 min: 100 %B) at a flow rate of 300 nL min-1. Orbitrap 
nano-electrospray ion source was set to a voltage of 2.5 kV and capillary temperature of 250 
°C. The scan m/z range was 400 – 2000. The ten most intense ions (charge state 2-4 exceeding 
50,000 counts) were selected for ion trap collision induced dissociation (CID) and detection in 
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centroid mode. Common human keratin and porcine trypsin peptide masses were excluded 
from MSMS selection during the analysis.   
Nectary Proteomics  
Protein extraction and iTRAQ labeling 
Each biological replicate consisted of nectary tissue from a single flower with a total 
of two female replicates and five male replicates. To extract proteins, nectaries were pulverized 
under liquid nitrogen and solubilized in 4 M urea/0.1 M triethylammonium bicarbonate 
(TEAB). Proteins were precipitated overnight in acetone and dissolved in 4 M urea/0.1 M 
TEAB.   
Protein concentrations were determined using a bicinchoninic acid (BCA) protein 
assay. Ten volumes of acetone at -20 °C were used to precipitate 100 µg of extracted protein 
overnight. The resulting protein pellet was dissolved in 0.5 M TEAB/0.2 % sodium dodecyl 
sulfate for 4 hr at 4 °C before reduction with 50 mM tris (2-carboxyethyl) phosphine 
hydrochloride (TCEP) for 1 hr at 60 °C. Alkylation with 200 mM methyl methanethiosulfonate 
(MMTS) at room temperature for 10 min was completed prior to overnight in-solution 
digestion at 37 °C with 10µg trypsin prepared in 100 mM TEAB. Digests were dried in a 
Speed-Vac before rehydration with 30µL of 0.5M TEAB/50ul isopropanol. iTRAQ labels were 
added to each sample before being pooled and concentrated to a final volume of approximately 
100µl using a Speed-Vac.  
Chromatography and mass spectrometry   
  The iTRAQ labeled peptide sample was fractioned and concatenated using an Agilent 
1290 HPLC with a Waters XBridge C18 column (250 mm X 4.6 mm, 5 µm, 300 Å) and solvent 
system consisting of buffers A (10 mM ammonium hydroxide, pH10) and B (80 % acetonitrile, 
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10 mM ammonium hydroxide, pH 10).  The column was equilibrated in buffer A at a flow rate 
of 0.75 mL min-1 before a gradient of 5-45 % buffer B was applied over 75 min. Fractions were 
collected every minute for 96 min, concentrated by lyophilization, and concatenated into 24 
fractions by combining every 24th fraction. Fractions were de-salted using C18 StageTips and 
rehydrated with 20 µL of 2 % acetonitrile/ 3 % formic acid. For LC-MS/MS peptide 
sequencing, 5 µL aliquots of each fraction were injected into a Thermo Scientific EASY-nLC 
II system coupled to an LTQ Orbitrap Velos Pro mass spectrometer equipped with a Nanospray 
Flex source. The same columns, solvent system, and mass spectrometer parameters as 
described for nectar peptide sequencing in the previous section were used with the following 
adjustments. Peptides were separated using a 120 min gradient (0 min: 5-% B; 100 min: 40-% 
B; 5 min: 80-% B; 2 min: 100-% B; 13 min: 100-% B). The scan m/z range was set to 400 – 
1800. The top 15 most abundant ions with charge states of 2-4, exceeding 20,000 counts were 
selected for HCD FT MS/MS fragmentation (FTMSMS scans 2-16) and detection in centroid 
mode.  
Proteomics Data Processing 
The nectar and nectary proteome datasets were similarly processed with raw files being 
created by XCalibur 3.0.63 software and analyzed with Proteome Discoverer (v 1.4.0.228, 
Thermo Scientific) and were searched against the Uniprot-SwissProt and TrEMBL databases. 
Nectary dataset search parameters used an MS/MS tolerance of 15mmu, fixed modification: 
Methylthio (C), iTRAQ8plex (K), and iTRAQ8plex (N-term), and variable modifications: 
Oxidation (M), Deamidated (NQ), iTRAQ8plex (Y). The resulting identified proteins 
underwent statistical validation and filtering using the Scaffold (v 4.6.0 Proteome Software, 
Inc., Portland, OR, United States) in which the peptide threshold was set to 95% and the 
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minimum number of peptides was set at two. Proteins of non-plant origin were manually 
removed from datasets. The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium5 via PRIDE (Vizcaíno et al., 2016) partner repository, with the 
dataset identifier PXD009810 and 10.6019/PXD009810   
Statistical Analyses 
Relative metabolite concentrations between male and female nectars were compared 
using a two-tailed independent samples t-test with resulting p-values corrected for multiple 
testing using the Benjamini and Hochberg's method. A Mann Whitney test with Benjamini and 
Hochberg method for multiple testing correction was used to calculate p-values based on the 
log fold change of protein abundance between male and female nectaries. To visualize proteins 
with significant differences in abundance between male and female nectaries, adjusted p-
values were negative log10 transformed and plotted against the log2 fold difference of protein 
abundance between male and female in a volcano plot.   
Gene Ontology(GO) slimming analysis of nectary proteome annotations was 
completed using GSEABase (Morgan et al., 2017) with annotations mapped up to the generic 
GO slim set of terms developed by GO Consortium (The Gene Ontology Consortium, 2000, 
2017). GO enrichment analysis of the nectary proteome was implemented using topGO: 
Enrichment Analysis for Gene Ontology (Alexa and Rahnenfuhrer, 2016) with prior protein-
to-GO term mapping completed using the UniProt GO annotation database (Barrell et al., 
2009). A Fisher’s exact test was completed to test for enrichment of GO terms using nectary 
proteins as the background and differentially expressed proteins as the test group.    
 
                                                          
5 http://www.proteomexchange.org/ 
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Results 
Nectary Morphology  
In both male and female 
flowers, the nectary tissue lines the 
adaxial surface of the receptacle. 
Morphology and nectary 
environmental exposure varies by 
sex. Nectariferous tissue encircles 
the style column forming a trough 
for the accumulation of the nectar 
(Fig. 1 A, B). This nectary position 
leaves female nectar easily 
accessible to pollinators. The male 
nectariferous tissue forms a bowl-
like structure below the filaments 
with the nectar only accessible 
through slits between pairs of 
fused filaments (Fig. 1 D, E). 
Nectaries of both sexes heavily stained black with Lugol indicating that the parenchyma tissue 
is abundant in amylose-rich starch (Fig. 1 C, F).    
  
 
FIGURE 1 | Comparison of female (A) and male (D) Cucurbita 
maxima flower and nectary morphology. Longitudinal sections of 
female (left) and male (right) 
Cucurbita maxima flowers. Nectaries of both line the receptacle 
cavity (B,E) and stain black in Lugol potassium iodide solution 
(C,F). n, nectary; sm, stigma; sy, style; o, ovary; a, anther; f, 
filament. Scale bars for A and D = 50 mm; B, C, E, F = 5 mm. 
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GC-MS Identification of Nectar Metabolites 
Untargeted (GC/GC-MS) and targeted (amino acids) analysis of the nectar metabolome 
of C. maxima led to the detection of 88 analytes, of which 40 could be chemically identified. 
Classes of identified metabolites from highest to lowest concentrations included sugars, amino 
acids, sugar alcohols, organic acids, aromatics, esters, and diols. Untargeted metabolite 
profiling of male and female flowers of C. maxima detected a total of 54 analytes 
(Supplementary Table 1). Targeted profiling of amino acids detected 34 metabolites with 16 
identified as proteinaceous amino acids and three as non-proteinaceous amino acids (Table 1).  
Table 1 │Amino acids identified in Cucurbita maxima nectar reported as mean ± S.E. (n = 
6). GABA = ϒ-aminobutyric acid. * Indicates metabolites with significantly different 
concentration between male and female nectar, p-value < 0.05 
Amino Acid Concentration (µM) % of total amino acid 
Female Male Female Male 
*Alanine 117 ± 14 212 ± 40 42.8 ± 3.4 52.9 ± 3.4 
*Glycine 3.6 ± 0.7 7.6 ± 1.3 1.3 ± 0.2 1.9 ± 0.2 
Serine 5.7 ± 1.4 9.5 ± 2.2 1.9 ± 0.4 2.4 ± 0.5 
Proline 30.5 ± 4.6 45.2 ± 9.2 11.3 ± 1.6 12.6 ± 3.2 
Asparagine 10.2 ± 1.8 7.7 ± 1.6 3.6 ± 0.4 2.1 ± 0.6 
Aspartic acid 6.9 ± 2.8 5.2 ± 0.7 2.4 ± 0.8 1.4 ± 0.2 
Glutamic acid 11.9 ± 2.4 12.5 ± 1.6 4.4 ± 0.9 3.3 ± 0.5 
Tyrosine 0.52 ± 0.15 0.75 ± 0.17 0.17 ± 0.04 0.19 ± 0.04 
*Tryptophan 0.23 ± 0.07 0.57 ± 0.11 0.08 ± 0.02 0.16 ± 0.03 
Valine 11.9 ± 1.7 14.4 ± 2.5 4.3 ± 0.4 3.6 ± 03 
Leucine 3.4 ± 0.4 4.8 ± 1.4 1.2 ± 0.1 1.1 ± 0.2 
Isoleucine 11.9 ± 2.0 11.8 ± 2.8 4.4 ± 0.7 2.9 ± 0.6 
Threonine 1.3 ± 0.4 2.2 ± 0.3 0.48 ± 0.11 0.59 ± 0.09 
Methionine 1.4 ± 0.3 1.9 ± 0.6 0.51 ± 0.10 0.45 ± 0.09 
Phenylalanine 11.5 ± 1.8 14.0 ± 1.7 4.2 ± 0.6 3.6 ± 0.3 
Lysine 0.24 ± 0.09 0.72 ± 0.31 0.09 ± 0.03 0.19 ± 0.08 
β-alanine 13.1 ± 2.7 15.5 ± 3.1 4.6 ± 0.7 4.4 ± 1.1 
GABA 32.9 ± 4.3 21.8 ± 4.4 12.1 ± 1.3 5.9 ± 1.4 
4-Hydroxyproline 0.87 ± 0.66 0.54 ± 0.12 0.33 ± 0.24 0.14 ± 0.03 
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Comparison of the molar percentage of these analytes revealed that male nectar contains 
significantly more non-essential 
amino acids, and female nectar has 
a higher proportion of non-
proteinaceous amino acids (Fig. 
2). A total of 29 analytes were 
found to differ significantly in 
abundance between male and 
female nectar (Fig. 3). Of the 29 
analytes, 12 were chemically 
identified, and whereas glucitol 
was only detected in male nectar, 
both glycolic acid and phosphate 
were exclusively detected in 
female nectar. Regardless of the 
flower sex, C. maxima nectar was 
sucrose-dominant with a S/[G + F] 
ratio above 1 (Fig. 4). Sucrose 
concentration was significantly 
greater in female nectars and 
contributes to a significantly 
higher S/[G + F] ratio (p-value = 
0.02, Fig. 4).  
 
FIGURE 2 | Amino acid categories of Cucurbita maxima male 
and female nectars. Essential amino acids included tryptophan, 
valine, leucine, isoleucine, threonine, methionine, 
phenylalanine, and lysine **p-value 0.004, *p-value 0.03. n = 6, 
with each replicate consisting of nectar pooled from four 
flowers. 
 
FIGURE 3 | Volcano plot of Cucurbita maxima nectar 
metabolome. Points above the red FDR line represent 
metabolites with p-values <0.05. n = 6, with each replicate 
consisting of nectar from single flowers. 
22 
 
 
Nectar Proteome  
The pooled nectar proteome combined from three individual male and female flowers 
consists of 45 detected proteins (Supplementary Table 2), 33 of which are present in nectar 
from both sexes. Two proteins are unique to female nectar and 10 are unique to male nectar. 
Unique female nectar proteins include galactinol-sucrose galactosyltransferase 2 and cysteine 
proteinase inhibitor. In the male nectar, eight of the ten unique proteins were characterized as 
4-alpha-glucanotransferase, aconitate hydratase, enolase 1, fructose-bisphosphate aldolase, 
invertase, polygalacturonase, and two different 5-methyltetrahydro-pteroyltriglutamate-
homocysteine methyltransferases. Two unique proteins were uncharacterized proteins from the 
Uniprot Trembl database. More rigorous sampling in future proteomics analyses may further 
expand upon these findings, representing the first effort towards cataloging the nectarins of C. 
maxima male and female nectar. 
 
 
FIGURE 4 | Comparison of Cucurbita maxima predominant sugars by flower sex. (A) Mean molar 
concentration ± SE of the predominant sugars. (B) Ratios of the disaccharide (sucrose) to the 
monosaccharides (glucose and fructose) and fructose to glucose for each flower sex. *p-value <0.05.    
n = 6, with each replicate consisting of nectar from single flowers. 
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Nectary Proteome  
A total of 339 proteins were detected in the nectaries of male and female C. maxima 
flowers using iTRAQ (Supplementary Table 3). To gain a broad overview of functional 
classifications for the nectary proteome, GO slim analysis was implemented. This revealed a 
high abundance of proteins related to transport, protein metabolism, carbohydrate metabolism, 
response to stress, and amino acid metabolic process (Fig. 5). Statistical comparisons of 
relative protein abundance revealed that 45 proteins displayed differential expression between 
male and female nectaries (p-value <0.05); 20 of these proteins were more abundant in male 
nectaries and 25 were more abundant in female nectaries. All 45 proteins have at minimum 
GO annotation inferred by homology, and descriptive identities are available for 38 of these 
significant proteins (Fig. 6). GO enrichment analysis was completed separately for male and 
female abundant proteins at the three categories of ontology: biological process, molecular 
function, and cellular component. The most detailed enriched child GO terms for biological 
 
FIGURE 5 | Pie chart of functional classification of proteins found in the nectaries of Cucurbita 
maxima. GO slim categories from the Gene Ontology Consortium were used. Percentages following 
category name represent the percentage of annotations falling within that category from the top 48% of 
all GO annotations. 
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process and molecular function are displayed in Fig. 7. Two cellular component terms, cytosol 
and cytoplasmic, are female nectary-enriched, while no term is male nectary-enriched. 
Complete lists of input GO IDs and enriched terms are listed in Supplementary Tables 4 and 5 
respectively. Female nectary-enriched GO terms relate to transmembrane transport of ions, 
magnesium ion binding, response to water deprivation, and carboxy-lyase catalytic activity. 
Most male nectary-enriched GO terms are related to phenylalanine ammonia-lyase, an enzyme 
involved in phenylpropanoid biosynthesis (Fig. 7). Additional enriched GO terms include 
cellular oxidant detoxification, negative regulation of cellular process, response to heat, and 
membrane organization.  
 
FIGURE 6 | Volcano plot of Cucurbita maxima nectary proteome determined by iTRAQ using two 
female and five male biological replicates with each replicate consisting of the nectary tissue from a 
single flower. Green points above the red FDR line represent proteins with adjusted p-values <0.05. 
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Discussion 
The synthesis and secretion of nectar is a highly dynamic process, which is only 
recently beginning to be understood through the robustness of “omics” technologies. Presently, 
there are two competing models of nectar secretion supported by ultrastructural analyses or 
molecular genetic studies. In the first model, merocrine (granulocrine), pre-nectar metabolites 
are transported symplastically through plasmodesmata until they reach cells near the nectary 
surface, where they are packed into ER or Golgi body vesicles for later fusion with the plasma 
 
FIGURE 7 | Enriched gene ontology terms of nectary proteins that are differentially expressed between 
male and female flowers. Pie charts display the most specific enriched GO terms associated with 
proteins of increased abundance in female or male nectaries. Numbers in parentheses are p-values 
calculated from a Fisher’s exact test for enrichment. 
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membrane and secretion. The second model, eccrine, depends on plasma membrane localized 
pores and transporters instead of vesicles for exporting nectar metabolites from the nectary 
cells (Roy et al., 2017). This model is supported by the conservation of SWEET9, a plasma 
membrane sucrose uniporter, within mature nectaries of Brassicaceae and Solanaceae (Lin et 
al., 2014). Once nectar is secreted, it is far from a complex static solution of primarily sugars. 
Rather, nectar is in a dynamic equilibrium, responsive to environmental conditions and can 
undergo post-secretory modifications via the action of catalytic nectarins which act on 
carbohydrates or generate anti-microbial agents such as hydrogen peroxide (Carter and 
Thornburg, 2004; González-Teuber et al., 2010; Nepi et al., 2011a, 2011b). The primary 
objective of the current study was to examine potential sex-dependent variation in C. maxima 
nectar composition at the level of the metabolome and proteome extending existing knowledge 
of biologically relevant sex-dependent nectar variation with regards to nectar composition and 
rates of nectar production (Ashworth and Galetto, 2002; Nepi et al., 2001). Secondarily, this 
study aimed to propose metabolic links between nectar metabolites and proteins present in the 
nectary and nectar proteomes. 
Nectar Metabolomics 
Compared to the nectar of male flowers, female nectar of C. maxima has significantly 
more sucrose and a higher sucrose to hexose ratio. These findings contrast with previous 
studies of C. pepo and C. maxima (Ashworth and Galetto, 2002; Nepi et al., 2001) that found 
little difference in abundances of the three predominate sugars between male and female 
nectars. This variation in the findings between the studies may be due to differences in 
environmental growing conditions of the plants as well as variation in species and cultivar. 
This maybe particularly significant in light of the fact that these sugars influence defining 
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characteristics of nectar, such as viscosity and its ability to attract pollinators (Baker and Baker, 
1983). A second sugar, galactose, present at much lower concentrations than sucrose, glucose, 
and fructose, was significantly less abundant in female nectar. Because bees can easily judge 
sugar composition and nectar volume (Hendriksma et al., 2014), the variation in both sucrose 
and galactose content observed in C. maxima nectars may influence the degree to which bees 
are more attracted to female flowers (Ashworth and Galetto, 2002).  
Amino acids are the second most common class of metabolites that occur in nectar, but 
their concentrations are 100 to 1000 times less than the predominant sugars (Roy et al., 2017). 
In the present study, 16 proteinaceous amino acids and three non-proteinaceous amino acids 
were identified in both male and female nectar of C. maxima. Over 70 % by mole of the 
identified amino acids were accounted by alanine, proline, GABA, and β-alanine. Although 
this is similar to the nectar of C. pepo (Nepi et al., 2012), there is a striking difference in the 
relative proportion of proline and alanine; in C. pepo proline is the most abundant amino acid 
followed by alanine (30% and 5% respectively) (Nepi et al., 2012), in C. maxima nectar, their 
relative order is reversed, with alanine being the most abundant amino acid (40%), followed 
by proline (11%). Proline often occurs as an abundant nectar amino acid, and has multiple 
effects on bees, including providing a desirable flavor and serving as a muscle stimulant giving 
a quick burst of energy for flight take-off (Carter et al., 2006; Teulier et al., 2016). The finding 
of two relatively high abundant non-proteinaceous amino acids, GABA and β-alanine, in C. 
maxima nectars agrees with commonly observed amino acid profiles of floral nectars (Nepi et 
al., 2012). They are both thought to promote insect flight, while GABA is also implicated as 
an antimicrobial agent used by plants in response to wounding (Chevrot et al., 2006). Since 
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GABA is also a neurotransmitter (Nepi, 2014), it is possible that it may directly influence bee 
behavior.  
The most significant differences between male and female nectars, in regard to amino 
acids, was the relative abundance of tryptophan, alanine, and glycine, which were specifically 
more concentrated in male nectar. These amino acids appear to alter bee feeding preferences, 
with tryptophan and alanine functioning as bee attractants, while glycine is a deterrent 
(Bertazzini et al., 2010; Hendriksma et al., 2014). Based on these previous studies, it is unclear 
whether the statistically significant variation in tryptophan, alanine, and glycine would 
influence bee feeding preferences between male and female flowers. Studies are needed to 
determine the biologically relevant ratio of the attractants (alanine and tryptophan) to 
deterrents (glycine) needed to alter bee preferences as mixtures of amino acids can have 
synergistic effects on bee preferences. When the proportions of essential, non-essential, and 
non-proteinaceous amino acids are compared by sex, we found that the male nectar has a 
significantly higher proportion of non-essential amino acids, largely due to increased 
concentrations of alanine and glycine. Female nectar contained more non-proteinaceous amino 
acids, specifically GABA (p-value = 0.009) which as previously stated may confer anti-
microbial properties important in keeping the gynoecium free of pathogenic infection.        
In addition to sugars and amino acids, nectar often contains a diversity of primary and 
secondary metabolites whose functions are wide ranging and include pollinator rewards, 
preservatives, and defense against pathogens (Stevenson et al., 2017). In our study, additional 
primary metabolites (glucitol, glycolic acid, and phosphate) and secondary metabolites (4-
methoxy-2-hydroxybenzyl alcohol, anisyl alcohol, butyl caprylate, and gastrodigenin) 
displayed sex-dependent difference in accumulation. To our knowledge, no nectar-specific 
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functions are reported for these metabolites, although the sex-dependent accumulation of these 
metabolites may indicate that they influence pollinator attraction to male and female flowers. 
Specifically, glucitol was only detected in male nectar, whereas glycolic acid and phosphate 
were restricted to female nectar. Butyl caprylate, a fragrant ester, which was more abundant in 
male nectar, has previously been detected in floral volatile profiles of orchids (Kaiser, 1993). 
In female C. maxima nectar, 4-methoxy-2-hydroxybenzyl alcohol, anisyl alcohol, and 
gastrodigenin are present at higher concentrations as compared to male nectars. Anisyl alcohol, 
similar to butyl caprylate, is not only a floral scent present in orchids (Kaiser, 1993) but also 
occurs in anise, honey, and vanilla (Scognamiglio et al., 2012). Gastrodigenin, also known as 
4-hydroxybenzyl alcohol, is a known antioxidant occurring in a variety of plants (Lim et al., 
2007).  
Nectar Proteome 
Prior characterization of nectarins have indicated that these proteins function as either 
anti-microbials or as enzymes that alter nectar carbohydrate chemistries. Consistent with the 
latter observation, 9 of the 10 proteins, that are unique to male nectar, are enzymes that act on 
carbohydrates, the exceptions being 5-methyltetrahydropteroyltriglutamate--homocysteine 
methyltransferase. These carbohydrate-modifying enzymes include invertase, which catalyzes 
the hydrolysis of sucrose to glucose and fructose. Invertases have previously been reported in 
other nectars and studied extensively in Acacia extrafloral nectar and C. pepo floral nectar 
(Heil et al., 2005; Nepi et al., 2012). Six of the characterized male unique proteins (4-alpha-
glucanotransferase, 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase, 
aconitate hydratase, enolase 1, fructose-bisphosphate aldolase, and polygalacturonase) have 
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not previously been reported in nectar, but annotation data indicate that they are either located 
in cytoplasm of cells or extracellular space, supporting their detection in C. maxima nectar.  
Female nectar contains two unique nectarins, a cysteine proteinase inhibitor and 
galactinol--sucrose galactosyltransferase 2. The first of these has previously been reported in 
the floral nectar proteome of Liriodendron tulipifera (Zhou et al., 2016), but the latter has not 
been reported in nectars. The galactosyltransferase has the potential to modify the carbohydrate 
profile of female nectar as it functions in galactose metabolism, generating myo-inositol and 
raffinose from galactinol and sucrose. 
In addition to the sex-specific nectarins, 33 other proteins were detected in the nectar 
proteome of both C. maxima flower sexes. Several of these were previously reported in nectars 
of other species, including malate dehydrogenase in petunia nectar (Hillwig et al., 2011), β-
glucosidase in nectar of Acacia hindsii and A. collinsii EFN (González-Teuber et al., 2010), α-
galactosidase in common tobacco nectar (Zha et al., 2012),  and glutathione S-transferase and 
a heat shock protein both of which occur in the nectar of Liriodendron tulipifera (Zhou et al., 
2016). A second group of nectarins (i.e, adenosylhomocysteinase 1, β-galactosidase, and α-
glucan phosphorylase) were identified in both male and female C. maxima nectars, but they 
had not previously been reported in nectars of other species. These proteins were also 
undetectable in the nectary proteome of C. maxima flowers. The absence of these proteins in 
the proteome of the nectary, where they are synthesized, may indicate that these proteins are 
efficiently and rapidly secreted into the nectar. It is also possible that the complexity of the 
nectary proteome masks the identification of nectar proteins at their site of synthesis. 
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Nectary Proteome 
The major functional classifications of the C. maxima nectary proteome includes 
proteins involved in transport, protein metabolism, carbohydrate metabolism, response to 
stress, and amino acid metabolism (Fig. 4), and these are similar to those found in Acacia 
cornigera (Orona-Tamayo et al., 2013) and Ricinus communis (Shah et al., 2016) extrafloral 
nectary proteomes. These functional classifications are expected as carbohydrates and amino 
acids are the most abundant nectar metabolites and require extensive transport within the 
nectary. GO enrichment analysis of nectary proteins with increased female abundances 
indicate that female-enriched GO terms are associated with proteins functioning as plasma 
membrane proton pumps and central metabolism, specifically gluconeogenesis, glycolysis, 
lipid metabolism, and the citric acid cycle. Proteins associated with male nectary-enriched GO 
terms were related to cinnamic acid biosynthesis and neutralization of superoxide radicals and 
hydrogen peroxide. If pumpkin nectaries generate high levels of reactive oxygen species 
(ROS), like tobacco (Carter et al., 2007; Carter and Thornburg, 2004), it would not be 
surprising if they also contain mechanisms to mitigate their potentially damaging reagent.          
As a whole, the nectary proteome in conjunction with previous cucurbit nectary 
literature supports an eccrine model of nectar secretion where plasma membrane (PM) H-+-
ATPase provides the energy for active transport of solutes into the apoplasm of C. maxima 
nectaries. In the current study, functional classification of nectary proteins and GO term 
enrichment analyses both revealed an abundance of ATPase transmembrane transporters 
specific for hydrogen ions, indicating the important role of PM-H-+-ATPase in active C. 
maxima nectaries. This finding agrees with the pressure-driven mass flow model of nectar 
movement from parenchyma tissue into the apoplasm, in which PM-H-+-ATPase provides 
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energy for active transport of solutes into the apoplast creating an osmotic gradient for the 
movement of water through aquaporins. The resulting hydrostatic pressure in the apoplast 
produces mass flow of nectar out of the nectary tissue and to the surface (Vassilyev, 2010). 
Additionally, it has also been suggested that nectar secretion in Cucumis sativus requires PM-
H-+-ATPase, as ATPase-specific activity peaks at anthesis (Peng et al., 2004).   
Previous ultrastructural analyses of C. pepo demonstrate that the nectary cells are 
devoid of extensive ER and Golgi making the vesicle dependent merocrine model unfavorable 
when compared to the eccrine model (Nepi et al., 1996). While the eccrine model may 
predominate, merocrine is still needed for vesicular-based transport of nectarins, and may be 
important in C. maxima nectaries as vesicle transport is frequently a functional classification 
of its proteome (Fig. 4) (Roy et al., 2017). The eccrine model of nectar synthesis and secretion 
that is supported by molecular evidence from Brassicaceae and Solanaceae that express four 
metabolic processes: 1) starch degradation 2) sucrose synthesis 3) export of sucrose into 
apoplasm via SWEET9, and 4) extracellular hydrolysis of sucrose via CELL WALL 
INVERTASE4 (CWINV4) (Lin et al., 2014; Ruhlmann et al., 2010; Thomas et al., 2017). The 
C. maxima nectary proteome determined herein supports the occurrence of the first two of 
these processes, as both a β-amylase for starch hydrolysis and sucrose-phosphate synthase that 
function in sucrose biosynthesis are present. Homologs of SWEET9 and CWINV4 were not 
identified within the nectary proteome under the specified data filtering conditions. Moreover, 
as a transmembrane protein, SWEET9 may not have been extracted from the nectary tissue as 
the methodology was not ideal for extraction of membrane proteins. CWINV4 may not be 
highly expressed in C. maxima nectaries which produce a sucrose dominant nectar as compared 
to the hexose dominant nectar produced by the Arabidopsis nectaries; the expression of 
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CWINV4 essential for functional development of nectaries in Arabidopsis (Ruhlmann et al., 
2010).  
Metabolic Links Between Nectar Metabolites and Proteomes  
Nectarins commonly alter nectar carbohydrates. In our datasets, significant differences 
in carbohydrate abundance, specifically galactose and sucrose, may be explained by the unique 
presence of galactinol--sucrose galactosyltransferase 2 and invertase in the nectar of female 
and male flowers respectively. Galactose is significantly less in female nectar which also 
contains galactinol--sucrose galactosyltransferase 2 which is not found in male nectar. This 
enzyme utilizes galactose as a substrate, leading to the production of myo-inositol and 
raffinose, a primary transport sugar in cucurbits (Zhang et al., 2010); this maybe the 
explanation of why  galactose levels are lower in female nectar as compared to male. A second 
potential example of post-secretory carbohydrate alterations is suggested by the slight but 
statistically significant reduction in sucrose content of male nectar which contains an invertase 
that is not detectable in female nectar. Invertases catalyze the hydrolysis of sucrose to glucose 
and fructose. The difference in sucrose concentration between male and female nectar may 
only be slight due to the ability of male nectary to maintain a nectar equilibrium. In C. pepo 
for example, male flowers can regulate water and sugar content to maintain nectar 
homoeostasis during secretion (Nepi et al., 2011b). This ability to regulate sugar content may 
nullify the impact of invertase within the male nectar of C. maxima. 
 
 
 
 
34 
 
Conclusion 
In this study, we demonstrated an existence of sex-dependent variation in male and 
female floral nectaries and nectar of C. maxima as determined by proteomics and 
metabolomics. Nectar metabolites that varied in composition, range from carbohydrates, 
amino acids, and specialized metabolites, and the nectarin profiles. Nectarins specific to a 
single nectar sex were linked to observed differences in the nectar metabolomes. 
Additionally, the nectary proteome supported aspects of the eccrine model of nectar secretion 
and pressure-driven mass flow utilizing PM-H-+-ATPase.   
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CHAPTER 3. COMPARATIVE TRANSCRIPTOMICS, METABOLOMICS, AND 
ULTRASTRUCTURAL ANALYSES CHARACTERIZE KEY MODULES OF 
NECTAR SYNTHESIS AND SECRETION OF COTTON (GOSSYPIUM HIRSUTUM) 
FLORAL AND EXTRAFLORAL NECTARIES 
 
Elizabeth C. Chatt1, Siti-Nabilla Mahalim1, Nur-Aziatull Mohd-Fadzil1, Peter M. 
Klinkenberg2, Rahul Roy2, Harry T. Horner3,4, Clay J. Carter2, Marshall E. Hampton5 and 
Basil J. Nikolau1 
Introduction 
Nectars are sugar-rich solutions, produced and secreted from nectary glands, and 
presented as an attractive reward to animal mutualists in exchange for the ecosystem service 
of pollination in the case of floral nectar.  Similarly, extrafloral nectars are offered to recruit 
pugnacious predatory insects and indirectly resist herbivores (Mitchell et al., 2009; Ollerton, 
2017; Simpson and Neff, 1981). These plant-animal mutualisms improve plant fitness and 
reproductive success. Domesticated Upland cotton, Gossypium hirsutum (TM-1), develops a 
floral and three distinct extrafloral nectaries, all of which are trichomatic nectaries secreting 
the nectar from specialized papillae, a type of multicellular glandular trichome. While cotton 
is largely a self-pollinating crop, honey bee visitation facilitated by the floral nectar reward 
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increases yield in regard to total number of bolls and total lint mass (Rhodes, 2002). The 
extrafloral nectars provide a source of indirect defense by attracting aggressive predatory ants 
which ward off various herbivores (Bentley, 1977; González-Teuber et al., 2012; Rudgers et 
al., 2003; Rudgers and Strauss, 2004; Wäckers et al., 2001).  
The patterns of nectar secretion vary among the different cotton nectaries, and are 
optimized for benefits, while minimizing the energetic cost of producing the nectar (Heil, 2011; 
Pleasants, 1983; Wäckers and Bonifay, 2004). The floral nectary actively secretes on the day 
of anthesis (Gilliam et al., 1981), whereas the extrafloral nectaries modulate nectar secretion 
based on environmental stressor, insect herbivory. The reproductive extrafloral nectaries, 
bracteal and circumbracteal are located on the abaxial surface of the bracts and sepal 
respectively, and display peak nectar production on the day of anthesis and continue to secrete 
as the boll matures, but will decrease secretion in response to herbivory (Wäckers and Bonifay, 
2004). In contrast, the vegetative foliar nectary is located on the abaxial surface of the leaf 
midvein, and displays low constitutive secretion, which is increased after induction by 
herbivory (Wäckers et al., 2001; Wäckers and Bonifay, 2004).   
The molecular underpinnings of nectar synthesis and secretion are recently being 
elucidated through advancements in “omics” technologies primarily using the floral nectaries 
of Arabidopsis and Nicotiana spp. (Kram et al., 2009; Lin et al., 2014; Ren et al., 2007). These 
studies provide evidence to support an eccrine-based model of nectar synthesis and secretion, 
which utilizes pores and transporters for movement of pre-nectar metabolites through the 
plasma membrane of nectariferous parenchyma tissues [reviewed by (Roy et al., 2017)]. In this 
model, prior to nectar secretion the ‘pre-nectar’ metabolites are delivered through the 
vasculature and stored in the nectary parenchyma primarily as starch (Chatt et al., 2018; Lin et 
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al., 2014; Peng et al., 2004; Ren et al., 2007; Solhaug et al., 2019). At the time of nectar 
secretion, the stored starch is rapidly degraded, and the products are used to synthesize sucrose 
through the enzymatic action of sucrose-phosphate synthases (SPS) and sucrose-phosphate 
phosphatases. The sucrose is exported into the apoplasm in a concentration dependent manner 
via the uniporter SWEET9, and subsequently hydrolyzed by cell wall invertase (CWINV4), to 
the hexose components glucose and fructose, thereby maintaining the sucrose concentration 
gradient (Lin et al., 2014; Ruhlmann et al., 2010). The last step of sucrose hydrolysis is critical 
to the production of hexose-rich nectars (Ruhlmann et al., 2010), but may play a minimal role 
in production sucrose-rich nectars (Chatt et al., 2018; Solhaug et al., 2019)    
 In order to fulfill the biological functions, nectar components must be released from 
the nectary gland into the environment. Nectaries containing ‘nectarostomata’ simply release 
the nectar through these modified stomata (Paiva, 2017). The means by which nectar passes 
through the cell wall and cuticle of trichomatic nectaries is unclear as the current understanding 
is based solely on ultrastructural analyses (Eleftheriou and Hall, 1983a; Findlay et al., 1971b; 
Kronestedt et al., 1986; Wergin et al., 1975). These studies indicated that at the time of nectar 
secretion that the cuticle separates from the cell wall on the terminal cells of the glandular 
trichome. Nectar then accumulates in the space between the cuticle and cell wall thereby 
generating hydrostatic pressure for the release of nectar as discrete droplets through the porous 
cuticle. It is unclear if the cell wall and cuticle undergo biochemical alterations to facilitate this 
process or if it is driven purely by physical force causing the cuticle to rupture.    
 In this study, we used a holistic approach to characterize the morphology, 
ultrastructure, and gene expression patterns of Gossypium hirsutum floral and extrafloral 
nectaries as they develop from the pre-secretory to secretory to post-secretory stages. Gene 
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expression data was also probed to identify signatures of biochemical alterations to the cell 
wall and cuticle coinciding with facilitation of nectar secretion. In parallel the metabolomes of 
the secreted nectars were defined. Together these data were compared to the current eccrine-
based model of nectar synthesis to assess for the first time in trichomatic nectaries and 
extrafloral nectaries whether this model is conserved in these latter nectaries.  
Material and Methods 
Plant Materials, Growth Conditions, Sample Collection 
Plants were grown in Conviron Environmental Growth Chambers (0.7 m x 1.8 m x 1.4 
m), five plants per chamber, and kept in a cycle of 12 h illumination at 26 °C starting at 6:00 
local time and 12 h darkness at 22 °C. Seeds of Gossypium hirsutum, TM-1 were chipped and 
germinated in 8cm x 8cm x 10 cm pots filled with a soil mixture of 3-parts LC8 soil 
(www.sungro.com) to 1-part sand. Seedlings were transplanted into 2-gallon (2A) pots after 
reaching approximately 30 cm in height. Upon transplanting, 10 g of Osmocote Pro 19-5-8 
(www.amleo.com) was mixed into the previously described soil mixture per pot. Plants were 
watered each day and once per week with a 10% fertilizer solution of Scotts Excel 21-5-20 all-
purpose water-soluble fertilizer and Scotts Excel 15-5-15 Cal-Mag water soluble fertilizer 
(www.jvkbmcmillian). All nectary and nectar samples were collected from plants after the first 
flower bloomed, approximately 70 days after sowing.  Nectar samples were collected between 
10:00 and 15:00, local time, using a 5 µL Drummond® Microdispenser 
(www.drummondsci.com).     
Nectary samples were collected from leaves or flowers immediately after removal from 
the plant and flash-frozen in liquid nitrogen. Pre-secretory stage nectaries were collected from 
leaves with a midvein length of 5 to 6 cm, and floral nectaries were collected 24 h pre-anthesis 
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for floral, and at the match head square stage for bracteal and circumbracteal. Secretory stage 
foliar nectaries were collected from fully mature leaves with a midvein length of 12 to 15 cm, 
and floral, bracteal, and circumbracteal nectaries were collected from flowers at anthesis.  Post-
secretory stage foliar nectaries were collected from fully mature leaves which lacked visible 
nectar deposits, floral nectaries were collected at 24 h post-anthesis, and bracteal and 
circumbracteal nectaries were collected at 19 to 24 days after anthesis. Nitrile gloves were 
worn during all nectary tissue collections. When applicable, nectar was first removed before 
nectary tissue was excised using a sterile scalpel. Throughout collection, samples were stored 
in liquid nitrogen and placed at -80 °C for long-term storage.  
Untargeted Metabolomics Analysis of Nectar Metabolites 
Two separate GC-MS based methods were employed for untargeted metabolite 
profiling of nectar samples.  Six replicate nectar samples were collected for each of the four 
nectar types. Each replicate consisted of pooled nectar, sampled from a minimum of 3 nectaries 
harvested from two plants on a single day.  
The first untargeted analysis provided data on the predominant sugars that constitute 
the nectar (i.e. sucrose, glucose, and fructose). Specifically, 1 µL of nectar was spiked with an 
internal standard (10 µg ribitol), and the mixture was dried overnight by lyophilization. The 
sample underwent methoximation at 30 °C for 90 min while continuously shaking with 20 mg 
mL-1 methoxyamine hydrochloride dissolved in pyridine.  The methoximated sample was 
silylated for 30 min at 60 °C with N,O-Bis(trimethylsilyl)trifluoroacetamide + 1% 
trimethylchlorosilane (BSTFA + 1% TMCS). Following dilution with 1.5 mL pyridine, 1-µL 
of sample was analyzed by GC-MS. 
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 Less abundant constituents of the nectar were extracted from a 5-µL aliquot of nectar 
sample that was spiked with 0.5 µg nonadecanoic acid and 1 µg ribitol, as internal standards. 
Hot methanol (2.5 mL) was immediately added to the nectar, and the mixture was incubated 
at 60 °C for 10 min. Following sonication for 10 min at 4 °C, chloroform (2.5 mL) and water 
(1.5 mL) were sequentially added, and the mixture was vortexed. Centrifugation separated the 
polar and non-polar fractions, and the entire non-polar fraction and half of the polar fraction 
was recovered to separate 2 mL screw-cap glass vials and dried overnight by lyophilization. 
The polar fraction underwent methoximation as previously described, and both polar and non-
polar fraction were silylated for 30 min at 60 °C with BSTFA/ 1% TCMS.    
 The derivatized metabolites (the sugars, polar, and non-polar fractions) were analyzed 
using an Agilent Technologies Model 7890A GC system equipped with an HP-5ms (30 m, 
0.25 mm, 0.25 µm) column that was coupled to an Agilent Technologies 7683B series injector 
and Agilent Technologies Model 5975C inert XL MSD with Triple-Axis Detector mass 
spectrometer (www.agilent.com). Chromatography parameters for the polar and non-polar 
fractions were set to a helium gas flow rate of 1 mL min-1, 2 µL injection, with a temperature 
gradient of 80 °C to 320 °C increasing at a rate of 5 °C min -1, followed by a 9 min hold at 320 
°C.  The polar fractions were analyzed using a “heart-cut” method which diverted gas flow to 
an FID detector during elution times for fructose, glucose, and sucrose.  
GC parameters for predominant sugar metabolites were set to a helium gas flow rate of 
1 mL min-1, 1 µL injection with a 10:1 split, and a temperature gradient of 100 °C to 180 °C 
increasing at a rate of 15 °C min -1, then 5 °C min -1 to 305 °C, then 15 °C min -1 to 320 °C, 
followed by a 5 min hold at 320 °C. Deconvolution and integration of resulting spectra were 
performed with AMDIS (Automated Mass Spectral Deconvolution and Identification System) 
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software (Stein, 1999). Analyte peaks were identified by comparing mass spectra and retention 
indices to the NIST14 Mass Spectral Library and authentic standards when possible to confirm 
identification.  
Targeted Amino Acid Analysis 
Analysis of amino acids was performed using the Phenomenex EZ:FaastTM kit for free 
amino acids (www.phenomenex.com). Six replicate samples for each nectar type were 
collected as described above.  Due to low volume of nectar produced by the foliar nectary, 
these nectar samples were pooled from a maximum of 90 nectaries, collected from 6 separate 
plants.  Each sample (20 µL nectar per extraction) was subjected to solid phase extraction and 
derivatized according to the manufacturer’s instructions, with one adjustment: after addition 
of the norvaline internal standard (5 nmol) to each sample, 125 µL of 10% propanol/20 mM 
HCl was added to acidify the sample. Following derivatization, samples were concentrated by 
evaporation under a stream of nitrogen gas before amino acids were analyzed using an Agilent 
Technologies model 6890 gas chromatograph with a ZB-AAA 10 m x 0.25 mm amino acid 
analysis column coupled to a model 5973 mass selective detector capable of electrical 
ionization (EI). The GC-MS instrument settings followed the manufacturer’s 
recommendations.   
Statistical Analysis of Cotton Nectar Metabolites 
For each metabolite, the natural logarithm of normalized metabolite level was averaged 
over the six replicates for each nectar type. Separately for each metabolite, a linear model with 
one mean per species and constant error variance was fitted to the metabolite response values.  
As part of each linear model analysis, F-tests for contrasts among the 4 nectar type means were 
conducted to identify differences in average response between each pair of nectar types.  The 
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197 p-values for each comparison (one p-value per metabolite) were adjusted to obtain 
approximate control of the false discovery rate  at the 0.05 level (Benjamini and Hochberg, 
1995). 
Similarities and differences among metabolites with respect to differences in 
metabolite levels between different nectary types were visualized by pair-wise volcano plot 
comparisons and hierarchical agglomerative clustering. To perform clustering, the estimated 
nectar type response means were first standardized within each metabolite to obtain a 
standardized response profile across nectar types for each metabolite.  Then dissimilarity 
between each pair of metabolites was computed as the Euclidean distance between the 
standardized response profiles. Clustering based on these pairwise dissimilarities places two 
metabolites in the same cluster if their estimated nectar type response means are highly 
correlated across sections.  Although hierarchical clustering groups the metabolites into any 
number of clusters, a total of 16 clusters were selected to display and summarize the results, 
striking a balance between high within-cluster consistency and low between-cluster similarity. 
Mass Spectrometric Imaging of Nectary Metabolites 
Nectary tissue was excised from plants and immediately embedded in a 2% solution of 
carboxymethylcellulose sodium medium viscosity (CMC) in a disposable base mold (7 x 7 x 
5 mm) and flash-frozen with liquid nitrogen. Triplicate samples of all four nectary types (floral, 
circumbracteal, bracteal, and foliar) at the pre-secretory and secretory stages were similarly 
prepared. Base molds were allowed to set at -20 °C for about 18 h, before 20 µm transverse 
cryosections were collected.  During sectioning, the embedded tissue blocks were mounted on 
the cryostat using optimal cutting temperature compound, and sections were collected on 12 
mm carbon adhesive tabs (Electron Microscopy Sciences; cat. # 77825-12; 
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www.emsdiasum.com/microscopy/). Sections were dried for 1 h by lyophilization and visually 
imaged with a Zeiss AxioZoom (www.zeiss.com). Well preserved sections were placed onto 
indium tin oxide coated glass slides 75 x 25 mm (Bruker, Billerica, MA; cat. #8237001; 
www.bruker.com). Sections where then coated with a matrix using an oscillating capillary 
nebulizer sprayer (Hansen and Lee, 2017).  The matrix was composed of 4 mL of 5 mg mL-1 
DAN (1,5‐diaminonaphthalene) in acetonitrile, 2 mL methanol, and 2 mL water, and it was 
applied at a rate of 4 mL h-1 in 0.30 mL steps. After matrix application, samples were dried 
overnight in a desiccator.  
MALDI-MS imaging was performed using a Bruker SolariX FT-ICR MS instrument 
equipped with a 7.0 tesla superconducting magnet. MALDI-MS data was acquired in negative 
mode with a mass range from m/z 73 to 1000, collecting 1 megawords of data points per scan. 
The laser was set to raster at 25µm spots, and flexImaging software (www.bruker.com) was 
used to collect and analyze the imaging data. Agilent MassHunter software and the METLIN 
Metabolomics Database and Library with ppm tolerance set to 8 were used to identify m/z 
values of interest. 
Microscopy 
Light microscopy and histochemistry  
Pre-secretory and secretory stage nectaries were fixed for several days at 4 °C, in a 
solution of 3% glutaraldehyde (w/v) and 2% paraformaldehyde (w/v) in 0.1M sodium 
cacodylate buffer, pH 7.2. Samples were dehydrated in a graded ethanol series (50% - 100%), 
followed by infiltration and embedding over five days in LR White resin. For replication 
purposes a minimum of four nectaries per nectary-type where imbedded at each developmental 
stage.  Resin blocks were polymerized over 72 h at 55 °C. Sections were cut at 1.3 µm thickness 
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using a Leica UC6 ultramicrotome (www.leica-microsystems.com). Sections were dyed with 
Toluidine Blue O for general contrast and Periodic Acid Schiff’s (PAS) technique for starch 
and other water-insoluble carbohydrates (Ruzin, 1999). Digital images were collected using a 
Zeiss Axiocam HRC camera (www.zeiss.com) on an Olympus BX-40 compound microscope 
(www.olympus-ims.com) in bright-field mode.   
TEM (transmission electron microscopy)  
A minimum of four nectaries, of all four nectary types (foliar, bracteal, circumbracteal, 
and floral), harvested at the secretory stage, were fixed for several days at 4 °C  , in a solution 
of 3% glutaraldehyde (w/v) and 2% paraformaldehyde (w/v) in 0.1M sodium cacodylate 
buffer, pH 7.2. Samples were washed with several changes of 0.1M sodium cacodylate buffer, 
pH 7.2 buffer, and then fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h at 
room temperature. The samples were en block stained for 2 h with aqueous 2% uranyl acetate, 
and then dehydrated in a graded ethanol series (50% - 100%).  Following transitioning into 
ultra-pure acetone, and infiltrating, the nectaries were embedded with Spurr’s hard epoxy resin 
(www.emsdiasum.com).  Resin blocks were polymerized for 48 h at 70 °C.  Thick sections (1 
µm) to check fixation quality and ultrathin (90 nm) sections were made using a Leica UC6 
ultramicrotome (www.leica-microsystems.com).  Ultrathin sections were collected onto 
carbon-film, single-slot copper grids and images were captured using a JEM 2100 200kV 
scanning and transmission electron microscope (www.jeol.com).  
SEM (scanning electron microscopy) 
A minimum of four nectaries per nectary type and at the pre-secretory and secretory 
stages of development, were fixed for several days at 4 °C in FAA (formalin-acetic acid-
alcohol). They were dehydrated in a graded ethanol series (50%, 70, 95, 100, 100 ultra-pure 
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twice), each step was 30 min. Samples were critical point-dried (CPD) using a Denton Drying 
Apparatus, Model DCP-1 (www.dentonvacuum.com).  The dried specimens were mounted on 
aluminum stubs with 12 mm circular carbon adhesive tabs and colloidal silver paint 
(www.emsdiasum.com). Samples were sputter coated with 30 nm platinum using a 
Cressington HR208 Sputter Coater (www.cressington.com). Images were captured using a 
Hitachi SU-4800 field emission SEM at 10 kV (www.hitachi-hightech.com). 
RNA Isolation, Sequencing, and Informatics 
For each of the three biological replicates, approximately five nectaries were 
transferred with clean forceps into a 2 mL Lysing matrix A tube (MP Biomedicals; Ref # 6910-
500; www.mpbio.com), resting in a liquid nitrogen bath and containing a ceramic bead. The 
tubes were quickly transferred to a QuickPrep adaptor (containing dry ice) and attached to the 
FastPrep 24™-5G (www.mpbio.com) benchtop homogenizer for tissue-pulverization. The 
samples were subjected to 5-6 pulverization cycles of 40 sec each, at 6 m/sec, with each cycle 
interjected with a period of immersion in liquid nitrogen and refilling the adaptor with dry ice. 
Post-pulverization, 600 µL of the RNA lysis buffer of the Quick-RNA™ MiniPrep kit (Zymo 
Research; Cat# R1054; www.zymoresearch.com) was quickly added to the Lysing matrix tube 
and the tubes were vortexed. This was followed by the addition of 50 µL of the Plant RNA 
Isolation Aid (Thermo Fisher Scientific, Cat#AM9690; erstwhile Ambion) to remove common 
plant contaminants such as polyphenolics and polysaccharides. Quick-RNA™ MiniPrep kit 
directions were followed for RNA isolation. Agarose gel electrophoresis and UV 
spectrophotometry were used to assess RNA quality, prior to submission to the University of 
Minnesota Genomics Center for barcoded cDNA library creation and Illumina HiSeq 2500 
sequencing. This produced over 360 million 125-bp paired reads with a target insert size of 
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200 bp and generated ≥24 M reads for each sample, and the average quality scores were above 
Q30. A few samples did not yield suitable sequencing libraries, and thus were omitted from 
the analysis.  
The reads were mapped to the UTX-JGI Gossypium hirsutum genome (v1.1) and 
predicted transcripts using NCBI's BLASTN (Camacho et al., 2009).  The UTX-JGI annotation 
was used to map read counts to Arabidopsis genes (Araport 11).  Read counts were upper-
quartile normalized, and pairwise differential expression tests were performed using a negative 
binomial distribution with DESeq (Anders and Huber, 2010).  The resulting p-values were 
filtered by restricting to genes with a 50% or greater change in mean normalized counts. The 
Benjamini-Hochberg method was used to control the false discovery rate at the 0.05 level 
(Benjamini and Hochberg, 1995). 
Differentially expressed genes were identified by filtering the DESeq results within R 
and categorized (e.g., upregulated during the secretory stage); these categories were visualized 
by generating Venn diagrams using InteractiVenn (Heberle et al., 2015). Gene Ontology (GO) 
enrichment analysis of the nectary transcriptome was implemented using topGO: Enrichment 
Analysis for Gene Ontology (Alexa and Rahnenfuhrer, 2016) with prior gene-to-GO term 
mapping completed using GO.db (Carlson, 2016). A Fisher’s exact test was completed to test 
for enrichment of GO terms in specific expression pattern groups, using the complete set of 
16,958 Arabidopsis orthologs as the baseline for this comparison.    
 Mapping genes to metabolic pathways used MAPMAN (Thimm et al., 2004) with the 
base pathways and mappings files for Arabidopsis. Hierarchical clustering based on one minus 
Pearson correlation of the log2 normalized read count of selected metabolic pathways or 
functionalities was completed using Morpheus (https://software.broadinstitute.org/morpheus).    
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Data Availability 
Raw sequence reads are available at the National Center for Biotechnology Information 
Sequence Read Archive under GEO accession number GSE113373.   
Results 
Domesticated Upland cotton, Gossypium hirsutum (TM-1), develops four types of 
nectaries, three are extrafloral and one is floral, all consisting of multicellular glandular 
trichomes, specifically papillae. The three extrafloral nectary types, foliar, bracteal, and 
circumbracteal, are subcategorized as vegetative or reproductive. The vegetative foliar nectary 
is located on the abaxial surface of the leaf midrib (Fig. 1A; Fig. 2A, B). The bracteal and 
circumbracteal nectaries are reproductive extrafloral nectaries due to their close association 
with the flower. The bracteal nectaries, also referred to as the outer involucellar or subbracteal, 
develop at the base of each bract subtending the flower and framing the cotton boll (Fig. 1B; 
Fig. 2C, D). The circumbracteal or inner involucellar nectary occurs on the abaxial calyx 
surface alternate with the bracts (Fig. 1C; Fig. 2E, F). The floral nectary develops on the adaxial 
calyx surface and lines the basal circumference. The secretory papillae of the floral nectary 
subtend a ring of stellate trichomes (Fig. 2G, H).   
General Features of Epidermis and Parenchyma  
Starch accumulation within the nectaries was visualized by using the PAS technique 
for staining water-insoluble carbohydrates, and these were conducted at two stages of nectary 
development. Virtually no starch granules were observed in the foliar nectaries at either 
developmental stage within the subnectariferous parenchyma (Fig. 3A, B, I). However, starch 
granules occur more frequently in the subnectariferous parenchyma of reproductive extrafloral 
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nectaries (bracteal and circumbracteal), particularly at the pre-secretory stage, and these are 
most commonly located near the vascular bundles (Fig. 3C, E). In these reproductive 
extrafloral nectaries, the frequency of starch granules decreases at the secretory stage (Fig. 3D, 
F, I). Floral nectaries accumulate larger starch granules in the subnectariferous parenchyma at 
both stages of development with a slight decrease at the secretory stage (Fig. 3G, H, I).  
In addition to starch granules, the subnectariferous parenchyma of all nectary types 
develop phenolic ‘dense’ bodies that stain heavily with osmium tetroxide, which occur more 
abundantly in cells surrounding the vascular bundles (Fig. 3).  The identification of the dense 
bodies as containing phenolics was confirmed by mass spectrometric imaging, which revealed 
an abundance of phenolic metabolites localized near the vasculature and epidermis (Fig. 4; 
Table 1).   
In all four nectary types and at both developmental stages, the subnectariferous 
parenchyma is composed of approximately ten layers of large cells with intermediate 
cytoplasm density when compared to the nectariferous parenchyma. Vascular bundles were 
present near the subnectariferous parenchyma with phloem rays extending into the 
subnectariferous parenchyma of the foliar nectary exclusively (Fig. 5C).   
The nectariferous parenchyma of all nectary types, located between the 
subnectariferous parenchyma and the secretory papillae, is characterized by isodiametric cells 
with minimal intercellular spaces, diminutive phenolic bodies, and densely-staining cytoplasm. 
The number of nectariferous parenchyma layers vary by nectary type and developmental stage. 
Extrafloral nectaries, foliar, bracteal, and circumbracteal, at the pre-secretory stage contain 
three to four layers of nectariferous parenchyma (Fig. 5A, D, G). This number of layers is 
maintained at the secretory stage in the bracteal and circumbracteal nectaries but increases to 
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up to six layers in the foliar nectary (Fig. 5B, E, H). The number of nectariferous parenchyma 
layers of the floral nectary varies depending on the position within the nectary. At both 
developmental stages, the proximal end contains three to four layers (Fig. 5K) and the number 
of layers decreases to two at the far distal end (Fig. 5L).  
Cells containing druses (spherical aggregates of calcium oxalate crystals) were 
primarily observed in the subnectariferous parenchyma of all nectary types, especially 
surrounding the vascular bundles. The druses present in foliar nectaries align in a row running 
parallel to the phloem rays from the vascular bundles to the papillae (Fig. 5C). Druses were 
most abundant in the floral nectaries, occurring throughout the subnectariferous and 
nectariferous parenchyma (Fig. 5I, J).  
The nectary epidermal tissue contains two distinct regions, one bordering the papillae 
and the second directly below the papillae. Epidermal tissue bordering the papillae of each 
nectary are highly vacuolated (Fig. 5D, E). This bordering epidermal tissue in extrafloral 
nectaries, except in the pre-secretory foliar nectaries (Fig. 5A), lacks phenolic bodies. In 
contrast, the epidermis bordering floral nectaries at both developmental stages contain phenolic 
bodies. The second region of epidermal tissue, the hypoepidermis located below the papillae, 
is characterized by densely-staining cytoplasm and phenolic bodies. At the pre-secretory stage, 
the extrafloral nectary hypoepidermis is vacuolated and contains phenolic bodies, while the 
floral nectary hypoepidermis also contains phenolic bodies, but is not vacuolated and instead 
contains a dense-staining cytoplasm. At the secretory stage, the hypoepidermis of all nectaries 
contains phenolic bodies and a dense-staining cytoplasm (Fig. 6).  
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Features of Nectary Papillae  
The papillae of all nectaries are multicellular and contain three regions typical of 
glandular trichomes, basal cell(s), stalk cells, and head cells. Mature extrafloral papillae 
contain five to six layers of cells with an average papillae-length of 68 ± 14 µm (SD), while 
the floral papillae are more extensive, with 12 to 14 cell layers with an average papillae-length 
of 133 ± 10 µm (SD) (Fig. 6B, D, E, H).  
Regardless of papillae-length, each papilla begins with distinct basal cell(s) which lack 
electron-dense cytoplasm. Extrafloral nectaries contain a single basal cell (Fig. 6A-F), while 
the floral nectary contains two basal cells (Fig. 6G-H; Fig. 7G). The stalk cells, characterized 
by phenolic bodies and vacuoles, are located between the basal and terminal head cells and 
determine the papillae length and width. The circumbracteal nectaries have the widest papillae 
(46 ± 6 µm) as compared to the other three nectaries (30 ± 4 µm) (Fig. 6I). The phenolic bodies 
in the stalk cells of the reproductive extrafloral nectaries (bracteal and circumbracteal) are 
uniquely arranged in a circular pattern around the cell periphery (Fig. 6C-F).  
The size and number of vacuoles differ among the types of nectaries and their 
developmental stages. Pre-secretory stalk and head cells of reproductive extrafloral nectaries 
contain virtually no vacuoles (Fig. 6C, E), while at the secretory stage the distal two-thirds of 
the papillae become highly vacuolated, especially the head cells (Fig. 6D, H).  In contrast to 
the reproductive extrafloral nectaries, pre-secretory stalk and head cells of foliar and floral 
nectaries contain large, circular vacuoles in section (Fig. 6A, G), and at the secretory stage of 
the these nectaries, the vacuoles become smaller, while the number of vacuoles increases 
within the distal two-thirds of the papillae (Fig. 6B, H).  
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The cuticle and cell wall of the papillae have notable characteristics that are common 
among the four nectaries. In all nectary types, the cuticle is thinnest around the head cell and 
it becomes thicker at the basal cell-epidermis junction. Furthermore, at the secretory stage of 
the four nectaries and the pre-secretory stage of the reproductive extrafloral nectaries, the 
cuticle of the head cells separates from the underlying cell wall and displays microchannels 
(Fig. 7). These microchannels are visible as slits on the outer surface of the papillae head cells 
(Fig. 7B, C). Separation of the cuticle from cell wall occasionally extends down to the distal 
stalk cells of bracteal papillae. Cell wall ingrowths extending toward the plasma membrane 
were observed in the reproductive extrafloral papillae head cells at the secretory stage (Fig. 
7D, E). Occasionally an extensive periplasmic space is present in the bracteal stalk cells (Fig. 
7F). 
Organelle Composition  
TEM was used to examine the ultrastructure of the cotton nectaries, detailing the 
organelle composition of the papillae glands and supporting nectariferous parenchyma. Cells 
of the papillae from all cotton nectaries are nucleated. The most common organelles include 
mitochondria, rough endoplasmic reticulum, and vesicles (Fig. 8C, D).  Amyloplasts (Fig. 8A) 
and Golgi bodies (Fig. 8C) were present on occasion, and simple chloroplasts were only 
present in the bracteal (Fig. 8E) and foliar (Fig. 8J) nectaries.   Mitochondria are typically 
located around the cell periphery in close proximity to rough endoplasmic reticulum. Among 
the four types of nectaries, the floral nectary appears to have the most mitochondria.  In the 
papillae glands, the basal cells appear to have higher organelle complexity containing more 
mitochondria and rough endoplasmic reticulum per cell (Fig. 8E-H), while the head cells 
display the least organelle complexity (Fig. 7D, E, G, H). Throughout the papillae and 
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nectariferous parenchyma, vesicle fusion to the plasma membrane was frequently observed 
(Fig. 8D). Typical of nectary tissue, plasmodesmata traversed the inner anticlinal and 
peridermal walls throughout the papillae and the cell walls of the nectariferous parenchyma 
(Fig. 8D, E, I, J).    
Nectar Metabolome 
Nectars are complex solutions which primarily function as attractants to sustain plant-
animal mutualisms (Elliott et al., 2008; Nicolson and Thornburg, 2007; Richardson et al., 
2015). The four nectars produced by cotton (i.e. floral, bracteal, circumbracteal, and foliar) 
were characterized by an untargeted metabolomics strategy and a targeted analysis of amino 
acids, using GC-MS. These analyses enabled detection and quantification of 197 analytes, with 
the successful chemical identification of 60 analytes (Supplemental File 2). Classes of 
identified nectar metabolites includes sugars, amino acids, sugar alcohols, lipids, diols, organic 
acids, esters, and aromatics. All the cotton nectars are hexose-dominant, with sucrose-to-
hexose ratios below 0.5, and they display equal molar ratios of fructose-to-glucose (~1) (Table 
2).  Additionally, apart from 14-hexadecenal, the abundances of the detected lipids are 
comparable among the 4 nectars (Supplemental File 2).        
The composition of the four nectar types reflects the three nectar categories present in 
cotton. Differences between nectar types (floral, reproductive extrafloral, and vegetative 
extrafloral) are readily apparent by the occurrence of analytes unique to a single nectar type 
(Fig. 9), and by variations in relative analyte abundances, as visualized by the pairwise volcano 
plots (Fig. 10), which reveals that 105 of the 197 detected analytes significantly differed in 
abundance for at least one pairwise comparison (q-value < 0.05, Supplemental File 2), and 
illustrated in the patterns of analyte accumulation by hierarchical clustering (Fig. 11). The 
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floral nectar is compositionally distinct from the extrafloral nectars, with at least 77 analytes 
distinguishing each extrafloral nectar from the floral nectar (Fig. 10A-C). Specifically, the 
predominant sugars (i.e. fructose, glucose, and sucrose) are less abundant (Table 2; Fig. 11, 
Cluster 1), while the amino acids are more abundant in the floral nectar as compared to the 
extrafloral nectars (Table 2; Fig. 11, Cluster 8). The most abundant amino acids of floral nectar 
are aspartic acid, asparagine, and phenylalanine. Additionally, of the six identified metabolites 
detected solely in the floral nectar, four are the amino acids, leucine, phenylalanine, 
tryptophan, and gamma-aminobutyric acid (GABA) (Fig. 9; Supplemental File 2). The amino 
acids in the nectars were also assessed based on their categorization as non-proteinaceous, 
essential, and non-essential in insect diets. From this perspective, the floral nectar is distinct 
from extrafloral nectars with less non-proteinaceous and essential amino acids, but far more 
non-essential amino acids, largely composed of aspartic acid (Fig. 12).     
The metabolite composition among the extrafloral nectars display little variation, 
especially between the reproductive extrafloral nectars (i.e. bracteal and circumbracteal) in 
which only five analytes differ in abundance between the two nectars (Fig. 10D; Supplemental 
File 2). The vegetative extrafloral nectar (i.e. foliar) differed from the reproductive extrafloral 
nectars by at least 17 analytes (Fig. 10E, F). Overall, the percentage of non-proteinaceous, 
essential, and non-essential amino acids was very similar among the extrafloral nectars, and 
the most abundant amino acids in these nectars are asparagine, aspartic acid, and β-alanine. 
Lastly, variation between the three nectar categories is clearly illustrated by sucrose abundance 
which differs significantly between floral, reproductive extrafloral, and vegetative extrafloral 
(Table 2).    
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RNA Sequencing and Differential Expression Analyses 
Over 360M reads (125 bp, paired end) derived from cotton nectary and adjacent non-
nectary control tissue RNAs were initially mapped to the UTX-JGI Gossypium hirsutum 
genome (v1.1) and Arabidopsis thaliana Col-0 genome. Because the Arabidopsis genome is 
very well annotated and has served as the genetic model for plant biology, including the process 
of nectar production [reviewed in (Roy et al., 2017)], all cotton contigs were mapped to this 
genome, and all subsequent downstream analyses used these annotations.  
The DESeq statistical package (Anders and Huber, 2010) was used to identify genes 
that are differentially expressed between nectary and adjacent non-nectary control tissue, and 
these were compared to assess the effect of development on each nectary type. The lists of 
spatial and stage-dependent (temporal) differentially expressed genes are available in 
Supplemental File 4 and Supplemental File 5, respectively. These analyses revealed genes that 
are differentially expressed among the four nectaries at each specific stage of maturation, as 
well as those that are commonly nectary-enriched among the four nectaries (Fig. 13, 
Supplemental Files 6 and 7). A total of 3,340 genes, depicted as grey data-points in Figure 
13A, displayed differential spatial gene expression patterns between the nectary and the 
corresponding control tissue for at least one pairwise comparison, but did not vary in their 
temporal expression pattern during the development of each nectary.  This expression pattern 
indicates the potential basal functionality of these genes in maintaining a functional nectary. A 
summary of these genes and their occurrence among the four nectary types is visualized as a 
Venn diagram in Fig. 13B (Supplemental File 6). Gene ontology enrichment analysis of these 
spatial differentially expressed genes reveal an enrichment for molecular function and 
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biological process terminologies related to oxidoreductase activities for the generation of 
precursor metabolites and cellular energetics (Supplemental File 6).  
The numbers of genes displaying a temporal change in expression associated with 
development from pre-secretory to secretory to post-secretory stages of nectary development 
are identified in the scatter plots as red data-points (Fig. 13A, Supplemental File 5). Each 
scatter plot is divided into quadrants detailing the following four gene expression patterns 
relative to the secretory stage: 1) pre-secretory downregulated and post-secretory upregulated 
(preD-postU), 2) pre-secretory upregulated and post-secretory upregulated (preU-postU), 3) 
pre-secretory upregulated and post-secretory downregulated (preU-postD), and 4) pre-
secretory downregulated and post-secretory downregulated (preD-postD). The Venn diagrams 
in Figure 13C (Supplemental File 7) identify the commonalities and differences among the 
four nectary types between the genes falling within each of the four quadrants of the scatter 
plot.  
A comparison of the temporal gene expression patterns reflects the division of the three 
nectary categories present in cotton: floral, reproductive extrafloral, and vegetative extrafloral. 
The proportion of genes that share similar temporal patterns between any two nectary types 
illustrates that the reproductive extrafloral nectaries (bracteal and circumbracteal) are most 
similar, while the floral and vegetative extrafloral (foliar) nectaries are more distinct. More 
specifically, these analyses identify for example, that there is only one gene, terpene synthase 
21 (AT5G23960.2), which shares the same temporal expression pattern across all four nectary 
types, namely preU-postD.  Genes belonging to expression patterns preU-postD and preD-
postD for the floral, bracteal, and circumbracteal nectaries were tested for enrichment of gene 
ontology terms (Supplemental File 8), which reveals that among these three nectary types those 
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genes expressing the preU-postD pattern show an enrichment for encoding integral 
components of the plasma membrane. In the bracteal nectary, genes belonging to expression 
pattern preU-postD are enriched for catabolic processes related to lipid and pectin metabolism. 
The remaining enrichment terms lacked informative capacity as they are overly non-descript, 
such as “response to stimulus.”  
Carbohydrate Metabolism and Transport Related to Nectar Production 
The RNA-seq data were annotated with respect to starch and sucrose metabolic 
pathways using MAPMAN (Thimm et al., 2004).  These two processes are prioritized because 
starch and sugar metabolism is central to nectar production (Ren et al., 2007; Solhaug et al., 
2019). Additionally, gene ontology terms were used to identify sugar transporters potentially 
contributing to nectar production. The resulting gene list was filtered, selecting those genes 
that are upregulated in the nectary transcriptomes as compared to the control non-nectary 
transcriptomes, and a secondary filter was to select those genes that displayed temporal 
differential expression during nectary development. Figure 14 (Supplemental File 10) 
illustrates as a heat map, the change in temporal expression pattern of the 20 selected genes 
among the four different nectaries in the sequential order of their functionality in the eccrine-
based model of nectar secretion [reviewed by(Roy et al., 2017)].   
Prior to nectar secretion, the nectary functions as a sink tissue known to accumulate 
starch, which could be synthesized by starch synthase 2 (SS2) and a putative galactose-1-
phosphate uridyltransferase (AT5G18200). During the secretory stage, the starch is degraded 
by beta-amylase 3 (BMY3) and the degradation products (i.e. maltose and hexose-phosphates) 
are used for the synthesis of sucrose via sucrose synthase 4 (SUS4) or potentially raffinose 
synthase (RS5). In the final steps, sucrose is exported into the apoplasm by SWEET9 where it 
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is then hydrolyzed by cell wall invertase 4 (CWINV4) (Lin et al., 2014). In addition to the 
transmembrane transport of sucrose via SWEET9, active transport of sugars by sugar:proton 
symporters (SUT2, STP1, STP13, and STP14) and a UDP-galactose antiporter (AT5G59740) 
may also occur to facilitate nectar secretion. 
In line with this understanding of events, the floral nectary displays the expected gene 
expression patterns starting with upregulation of SS2 at the pre-secretory stage followed by 
high expression of BMY3, SUS4, SWEET9, and CWINV4 during the secretory stage. Gene 
expression within the reproductive extrafloral nectaries deviates from the floral nectary in that 
they display a relatively constant expression of BMY3. Additionally, synthesis of sucrose may 
be catalyzed by both SUS4 and RS5 which is highly expressed during the secretory stage. The 
reproductive extrafloral nectaries also display upregulation during the secretory stage of 
sugar:proton symporters (SUT2, STP1, STP13, and STP14) and a UDP-galactose antiporter 
(AT5G59740). These sugar transports may contribute to the movement of sugars during nectar 
secretion in addition to SWEET9. Overall, the foliar nectary lacks a distinctive pattern of gene 
expression which aligns with the eccrine-based model, except for starch synthesis peaking 
during the pre-secretory by SS2 and a putative galactose-1-phosphate uridyltransferase 
(AT5G18200). 
Transmembrane Transport and Amino Acid Biosynthesis 
Nectaries being primarily a secretory organ, we evaluated the transcriptome for the 
prevalence of genes encoding for transmembrane transporters, extending beyond sugars, and 
facilitating the transport of other nectar metabolites according to the eccrine-based model of 
nectar secretion [reviewed by (Roy et al., 2017)]. Transmembrane transporters were identified 
in the transcriptome based on the gene ontology annotation of “transmembrane transport” 
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(GO:0055085), and were further filtered to only include genes upregulated in the nectary 
tissue, as compared to the control non-nectary tissue.  Secondarily these genes were filtered as 
displaying temporal differential expression in at least one pairwise nectary comparison. The 
resulting list of 79 transporters (Supplemental File 10) functioned primarily in the transport of 
sugars, amino acids, water, and ions (borate, phosphate, hydrogen, calcium, chloride, iron, 
potassium, and zinc). The expression of 27% of foliar, 39% of floral, 81% of bracteal, and 86% 
of circumbracteal nectary transporters peak during the secretory stage (Fig. 15).  
Transporters that show peak expression at either the pre-secretory or post-secretory 
stage include those needed for the movement of water via plasma membrane intrinsic proteins 
(AT2G37170, AT3G53420, AT2G45960), and these are common among all four nectary 
types. Amino acid transporters displayed differential expression in the floral and reproductive 
extrafloral nectaries, but not in the foliar nectary (Fig. 15). The proline transporter PROT1 
(AT2G39890) was upregulated during the secretory stage of floral and reproductive extrafloral 
nectaries (Supplemental File 10). More generally, there were two amino acid transmembrane 
transporter family proteins (AT1G47670 and AT3G56200) upregulated at the pre-secretory 
stage with one of these genes (AT1G47670) also being upregulated in reproductive extrafloral 
nectaries, but at the secretory stage.    
Because amino acids are the second most abundant class of cotton nectar metabolites, 
we also examined the transcriptomes of the nectaries for genes associated with amino acid 
biosynthesis. MAPMAN (Thimm et al., 2004) was used to identify such genes, filtering their 
expression patterns using the criteria described for the transporters (Fig. 16). These analyses 
identified genes that functioned primarily in arginine biosynthesis, the synthesis of branched 
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chain amino acids (leucine, isoleucine, and valine), and of aromatic amino acids (phenylalanine 
and tryptophan).     
Upregulation of Nitrogen Assimilation within Nectaries 
The transcriptome data indicate that the floral and reproductive extrafloral nectaries 
display upregulation in genes associated with nitrogen assimilation during the secretory stage 
of development.  These genes encode functionalities associated with nitrate transport to the 
nectary tissue (nitrate transporter NRT1.5, AT1G69850), reduction of nitrate to ammonium 
using (nitrate reductase NR2, AT1G37130), and nitrite reductase (NIR1, AT2G15620), and 
lastly the fixation of ammonium to glutamate by a glutamine synthase (GLN1, AT5G37600) 
(Fig. 17; Supplemental File 10). This collection of genes is not completely upregulated in the 
foliar nectary, instead expression peaks during the secretory stage for the transport of 
ammonium by TIP2;1 (AT3G16240), and nitrate by NRT1.2 (AT1G69850).    
Cell Wall and Lipid Metabolism during Nectar Secretion 
As indicated by the morphological studies of the cotton nectary papillae, we anticipated 
that genes associated with cell wall and cuticle deposition may show altered expression.  Such 
genes were selected based on the displayed spatial and temporal differential expression, and 
these were mapped to metabolic networks using MAPMAN. This revealed a number of genes 
up regulated during the secretory stage within the reproductive extrafloral nectaries, but few 
genes displayed temporal differential expression in the floral and foliar nectaries (Fig. 18;19; 
Supplemental File 10). Reproductive extrafloral nectaries shared eight genes related to cell 
wall structure that showed statistically significant upregulation during the secretory stage; 
these include an expansin (EXLA1, AT3G45970), and genes required for the synthesis of cell 
wall components such as callose (GSL10, AT3G07160), hemicellulose (GALT6, AT5G62620), 
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and pectins (PME17, AT2G45220).  Likewise, 17 genes are commonly upregulated among the 
reproductive extrafloral nectaries related to cuticular lipid metabolism, including transport of 
cutin (ABCG11, AT1G17840), and related to fatty acyl elongation and the transport of lipids.     
Discussion 
This study represents the first system-based comparison of the four nectary types of G. 
hirsutum.  Specifically, we compared and contrasted the morphologies, transcriptomes, and 
nectar-metabolomes of the floral, bracteal, circumbracteal, and foliar nectaries of cotton.  
These data build upon genetic models for nectar production developed primarily using floral 
nectaries of Arabidopsis and Nicotiana spp., and extend application of this model to extrafloral 
nectaries, and a nectary composed of secretory trichomes (papillae) as opposed to a nectary 
epidermal tissue containing modified stomata referred to as ‘nectarostomata’ (Bender et al., 
2012, 2013, Carter et al., 1999, 2006, 2007, Carter and Thornburg, 2000, 2004; Hampton et 
al., 2010; Kram and Carter, 2009; Lin et al., 2014; Liu and Thornburg, 2012; Ren et al., 2007; 
Ruhlmann et al., 2010; Thomas et al., 2017; Thornburg et al., 2003; Wiesen et al., 2016).  This 
study revealed metabolic processes that are temporally regulated as the nectaries progress from 
pre-secretion to secretion to post-secretion stages of development. Additionally, regulation of 
these metabolic processes varies among the three nectary categories present in cotton (floral, 
reproductive extrafloral, and vegetative extrafloral), which each have distinct patterns of nectar 
secretion with the floral and reproductive extrafloral nectaries following a fixed ontogenetic 
pattern of secretion and the vegetative extrafloral nectary displaying low constitutive secretion 
that is increased after induction by herbivory (Wäckers and Bonifay, 2004).    
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Morphology and Ultrastructure of Cotton Nectaries 
The morphology and ultrastructure of the cotton foliar nectary has previously been 
reported (Eleftheriou and Hall, 1983a; Wergin et al., 1975), and the present study confirms 
their findings and extends them to the floral nectary and the extrafloral nectaries, bracteal and 
circumbracteal (i.e. reproductive extrafloral). The four trichomatic nectaries of G. hirsutum 
share the basic structural components previously reported in the trichomatic nectaries of other 
species. Specifically, subnectariferous parenchyma associated with vasculature, nectariferous 
parenchyma composed of small isodiametric cells with densely-staining cytoplasm, and 
closely packed papillae glands protruding from the epidermis composed of a single basal cell, 
variable number of stalk cells, and terminal head cells (Bernardello et al., 2007; Eleftheriou 
and Hall, 1983a; Fahn, 1979; Findlay et al., 1971b; Kronestedt et al., 1986; Lattar et al., 2018; 
Sawidis et al., 1987; Wergin et al., 1975). Large phenolic ‘dense’ bodies and calcium oxalate 
crystals form in all four nectaries and may confer protection from herbivory based on their 
postulated functionality in nectaries of other species (Horner et al., 2003; Jachuła et al., 2018; 
Kowalkowska et al., 2018; Lattar et al., 2018; Tilney et al., 2018; Tölke et al., 2018).  
The ultrastructure of nectariferous tissues have abundant ribosomes and display a 
normal complement of organelles to include prominent rough endoplasmic reticulum, 
abundant mitochondria, scarce plastids, and few Golgi bodies. The abundance of rough 
endoplasmic reticulum positioned parallel to the cell walls may contribute to vesicle trafficking 
between cells in support of the granulocrine model of nectar secretion (Eleftheriou and Hall, 
1983a). Plasmodesmata are numerous with crowding in pit fields and transverse the cell walls 
of the nectariferous parenchyma and the inner anticlinal and peridermal walls of the papillae. 
This distribution of plasmodesmata supports symplastic flow of pre-nectar metabolites, such 
67 
 
as sugars, from the associated vasculature to ultimate secretion of nectar from the papillae head 
cells (Eleftheriou and Hall, 1983a; Findlay et al., 1971a; Wergin et al., 1975). In contrast to 
the previous studies of foliar nectaries, cell wall ingrowths were observed during the secretory 
stage of bracteal and circumbracteal nectaries on the distal cell wall of the papillae head cells. 
These ingrowths may facilitate nectar secretion by increasing the surface area in the region of 
nectar secretion (Fahn, 1979; Plachno et al., 2018). This facilitation may be particularly 
important for the reproductive extrafloral nectaries that produce the largest volume of nectar 
and are active for the duration of fruit maturation (Wäckers and Bonifay, 2004).   
During active nectar secretion by cotton nectaries, the cuticle of the papillae head cells 
separates from the cell wall and develops microchannels or fractures to probably facilitate the 
release of nectar which accumulates in the newly formed subcuticular space. This phenomenon 
commonly occurs in the trichomatic nectaries of a variety of other species included within the 
Malvaceae family (Findlay et al., 1971b; Haratym and Weryszko-Chmielewska, 2017; 
Kowalkowska et al., 2018; Kronestedt et al., 1986; Lattar et al., 2018; Plachno et al., 2018; 
Sawidis et al., 1987). Based on previous observations of Abutilon hydridum floral nectary 
papillae, the cuticular channels function as valves, releasing discrete droplets of nectar once 
hydrostatic pressure exceeds a threshold (Findlay et al., 1971b).   
Nectar Metabolomes Reflect the Feeding Preferences of Target Facultative Mutualists 
The distinct nectars produced by G. hirsutum floral and extrafloral nectaries parallel 
the feeding preferences of the pollinating mutualists (honey bees) visiting the floral nectary 
and the protection mutualists (ants) visiting extrafloral nectaries. This variation between floral 
and extrafloral nectars has previously been reported for a number of species that produce both 
nectar types on a single plant (Baker et al., 1978). Reflecting the known feeding preference of 
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bees (Baker and Baker, 1983; Waller, 1972), the floral nectar is the most hexose-rich, 
containing minimal sucrose, and has the highest abundance and widest variety of amino acids 
as compared to the extrafloral nectaries. Our finding that the floral nectar contains minimal 
sucrose agrees with a previous report of G. hirsutum floral and bracteal nectar sugar profiles 
(Butler et al., 1972). Amino acid profiles of cotton nectars have also previously been assessed, 
and in agreement with the present study, aspartic acid is the predominant amino acid of floral 
nectar (86% total amino acid content), and the amino acids leucine, phenylalanine, and 
tryptophan are only present in floral nectar (Gilliam et al., 1981; Hanny and Elmore, 1974). 
The present study also identified gamma-aminobutyric acid (GABA) as a non-proteinaceous 
amino acid unique to floral nectar. Based on the fact that phenylalanine and GABA are known 
to elicit a strong phagostimulatory response in bees, the presence of these floral nectar-specific 
amino acids may function to attract this pollinator (Hendriksma et al., 2014; Nepi, 2014; 
Petanidou et al., 2006). GABA may also confer health benefits for bees as GABA enriched 
artificial nectar has been shown to increase the locomotion and survival time of bees (Bogo et 
al., 2019). Leucine and tryptophan may also provide a desirable flavor due to stimulation of 
sugar chemosensory cells (Shiraishi and Kuwabara, 1970). Lastly, proline was the fourth most 
abundant amino acid of floral nectar, which is particularly important for bees by providing a 
rapid energy source for initial flight take-off (Carter et al., 2006; Teulier et al., 2016).  
The extrafloral nectars, which functions as a reward for the protection provided to the 
plant by the mutualist ants, are characterized by a broader distribution of amino acids at a lower 
abundance and highly concentrated sugars that include sucrose. These characteristics reflect 
ant feeding preferences for carbohydrate sources rich in fructose and glucose to sustain worker 
ant metabolism, which also contain complex mixtures of amino acids proposed to provide 
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flavor and dietary nitrogen (Blüthgen and Fiedler, 2004; Dussutour and Simpson, 2009; Lanza, 
1988). The highly concentrated-viscous nature of the extrafloral nectars may improve the 
indirect defense the nectar provides for the cotton plant by preventing visits by non-target 
mutualists and increasing the duration of ant visits, while also distracting the ants from 
collecting floral nectar and in the process damaging the flower (Villamil et al., 2019; Wäckers 
et al., 2001). Similar to the floral nectar, extrafloral nectars also contain a high proportion of 
proline relative to the other amino acids (i.e. fourth most abundant in reproductive extrafloral 
nectars at 9% to 12% and second most abundant in vegetative extrafloral at 22%) albeit at a 
concentration ten-fold less than the floral nectar. The biological effects of proline in ants 
remains unexplored, but in a survey of ant food sources including extrafloral nectar, wound 
sap, and homopteran honeydew, proline was commonly the most abundant amino acid 
(Blüthgen et al., 2004). A final feature which separates extrafloral nectars from floral nectar 
was the high proportion of non-proteinaceous amino acids largely composed of β-alanine (i.e. 
6% to 20% in extrafloral compared to 0.05% in floral).   
In addition to the sugar and amino acid constituents of cotton nectars, lipids were also 
present, but their role in attraction of mutualists is unknown. The types of lipids previously 
detected includes phospholipids, saturated fatty acids (palmitic and steric), and unsaturated 
fatty acids (palmitoleic, oleic, linoleic, and linolenic) (Stone et al., 1985). In the present study, 
palmitic acid was also detected in the extrafloral nectars and the floral nectar, but the remaining 
lipids were short chain saturated fatty acids, a fatty alcohol, and a long-chain fatty aldehyde 
(14-hexadecenal) only present in the extrafloral nectars. The free fatty acid could confer anti-
microbial properties to the nectar to help prevent microbial infection (Desbois and Smith, 
2010).       
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Nectary Capacity for De Novo Amino Acid Synthesis and Transport 
As evidenced by the upregulation of the core genes required for nitrogen assimilation, 
nectaries of cotton, particularly the floral and reproductive extrafloral, exhibit the capacity to 
reduce nitrate and incorporate ammonium into organic forms.  Specific genes associate with 
these processes include: nitrate transporters (NRT1.5, NRT1.2), nitrate reductase (NR2), nitrite 
reductase (NIR1), ammonium transporter (TIP2;1), glutamine synthase (GLN1), and glutamate 
synthase (GLT1, GLU1) [reviewed by (Dechorgnat et al., 2010)]. While nitrogen assimilation 
commonly occurs in the roots, this process does occur in shoots where photosynthesis can 
provide energy (Lin et al., 2008; Meyer and Stitt, 2001), but there are no previous reports of 
these processes occurring in nectaries. It is likely that nitrate is initially transported through 
the xylem to the subnectariferous parenchyma by the cotton orthologs of the proton-coupled 
nitrate transporter NRT1.5 (Lin et al., 2008; Tsay et al., 2007). Once in the subnectariferous 
parenchyma, the nitrate undergoes two successive reductions to produce ammonium which is 
used to assemble glutamine by glutamine synthase (GLN1). Glutamate synthase (GLU1 and 
GLT1) catalyzes the reaction of glutamine with 2-oxoglutarate to form two molecules of 
glutamate [reviewed by (Bernard and Habash, 2009)]. This process of ammonium assimilation 
would decrease the cytosolic ammonium levels prompting the export of ammonium from the 
vacuole down the electrochemical gradient, catalyzed by a tonoplast localized ammonium 
uniporter TIP2;1 (Loque et al., 2005); consistent with this model, the latter gene was also 
upregulated in secretory reproductive extrafloral nectaries.  
Nectary transcriptome data also revealed an upregulation of genes associated with 
amino acid biosynthesis and amino acid transporters at the pre-secretory and secretory stages, 
which may contribute to the amino acid profiles of the secreted nectars. For example, 
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expression of aspartate aminotransferase 3 (ASP3, AT5G11520) was highest among all 
nectaries, at the pre-secretory and secretory stages. This enzyme may utilize the glutamate 
produced by ammonium assimilation, along with oxaloacetate as a substrate to produce 2-
oxoglutarate and aspartic acid, the latter being the most abundant amino acid of floral nectar, 
and it constitutes ~20% of extrafloral nectar amino acids.  
Other such correlations between nectar amino acid content and biosynthetic enzymes 
include phenylalanine and the biosynthetic enzyme, arogenate dehydratase 2 (ADT2, 
AT3G07630), and proline and the proline transporter PROT1 (AT2G39890) (Yamada et al., 
2011).  Collectively therefore, these data suggest that cotton nectaries actively assimilate 
inorganic nitrogen into the amide moiety of glutamine, which functions as the amino group 
donor for synthesis of additional amino acids. These amino acids may then undergo symplastic 
transport to the head cells of the papillae through the action of the upregulated amino acid 
transmembrane transporters, and they are finally deposited into the secreted nectars. 
Mechanisms of Cotton Nectar Secretion Supported by the Transcriptome and Papillae 
Ultrastructure  
Multiple mechanistic models have been proposed for the biosynthesis of nectar 
components and release from trichomatic nectaries.  These mechanisms must explain how the 
nectar components cross the barriers posed by the cell wall and cuticle. The potential 
complexity of this process is multiplied when considering the variation between floral and 
extrafloral nectaries which have contrasting patterns of nectar secretion and origins of pre-
nectar metabolites (i.e. starch storage or lack thereof). The merocrine model and the eccrine 
model are the two models that best align with transcriptomes and ultrastructure of the studied 
cotton nectaries. These two models likely function in conjunction with each other to synthesize 
and secrete the nectar. In the merocrine model, also referred to as granulocrine secretion, nectar 
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metabolites are packaged into vesicles which fuse with the plasma membrane and releasing the 
nectar components. The eccrine model deviates from the merocrine, in that nectar metabolites 
are ferried through the plasma membrane by pores and transporters [reviewed by (Roy et al., 
2017)]. Currently, the eccrine model is best supported by molecular evidence from floral 
nectaries of Cucurbitaceae, Brassicaceae and Solanaceae that express five metabolic processes: 
1) starch synthesis, 2) starch degradation, 3) sucrose synthesis, 4) export of sucrose into 
apoplasm via SWEET9, and 5) extracellular hydrolysis of sucrose via CELL WALL 
INVERTASE4 (CWINV4) (Chatt et al., 2018; Lin et al., 2014; Ruhlmann et al., 2010; Solhaug 
et al., 2019; Thomas et al., 2017). In both models, prior to the final release of nectar by vesicles 
or transporters, the pre-nectar metabolites move symplastically through the nectar parenchyma 
tissues.  
In cotton nectaries, the merocrine model is supported by the ultrastructure analysis, 
which demonstrates the prominence of rough endoplasmic reticulum and abundance of vesicles 
fusing to the plasma membranes within the nectariferous parenchyma and throughout the 
papillae. The five metabolic processes of the eccrine model are supported in the floral and 
reproductive extrafloral nectaries by their transcriptomes that display appropriate expression 
patterns and activities of candidate cotton genes identified by homology to their Arabidopsis 
orthologs. Overall, the foliar nectary gene expression patterns do not support the eccrine model 
and were inconsistent with those of the other three nectary types. This may be a result of the 
low level of constitutive nectar secretion preventing drastic fluxes in gene expression between 
the pre-secretory, secretory, and post-secretory stages. In the floral and reproductive extrafloral 
nectaries step 1 of the eccrine model, starch synthesis, is supported by an accumulation of 
starch granules within the subnectariferous parenchyma identified by PAS staining of pre-
73 
 
secretory nectary tissue. Furthermore, the transcriptome detects peak expression of starch 
synthase 2 (SS2) at the pre-secretory stage of the floral and bracteal nectaries. Transitioning 
from the pre-secretory to secretory stage, there is a shift from starch synthesis to starch 
degradation by beta-amylase 3 (BMY3) providing the carbohydrate moieties needed for sucrose 
synthesis catalyzed primarily by sucrose synthase 4 (SUS4). Compared to the floral nectaries, 
the reproductive extrafloral nectaries accumulate less starch and have decreased expression of 
BMY3 and SUS4, yet the reproductive extrafloral nectars are a more sugar rich indicating an 
alternative source of sucrose. Sucrose, the major translocated sugar in cotton (Tarczynski et 
al., 2008), may be supplied directly to the reproductive extrafloral nectaries via the phloem 
present in the subnectariferous parenchyma. Alternatively, at the time of first flowering in 
cotton, starch stored in the stems and roots is degraded into raffinose (Taliercio et al., 2009) 
which can then be used as a substrate for raffinose synthase (RS5) upregulated at the secretory 
stage of reproductive extrafloral nectaries to produce sucrose and galactinol.   
Upregulation of SWEET9 and CWINV4 at the secretory stage supports the export of 
sucrose into the apoplasm where it is then hydrolyzed by the invertase activity of CWINV4. In 
transcriptomes of Arabidopsis and pennycress nectaries, which produce hexose-rich nectars, 
the read counts for SWEET9 and CWINV4 at the secretory stage are approximately equal 
(Bender et al., 2012; Kram et al., 2009; Lin et al., 2014; Ruhlmann et al., 2010; Thomas et al., 
2017). In cotton floral nectaries, which produce the most hexose-dominant nectar, this trend 
holds true with approximately equal read counts for SWEET9 and CWINV4. In contrast, the 
three cotton extrafloral nectaries, which produce a nectar containing more sucrose compared 
to the floral nectar, display approximately a 6-fold decrease in CWINV4 compared to SWEET9 
based on the read counts. This suggests that CWINV4 plays a critical role in modulating the 
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final sucrose content of a nectar. Disproportionate expression of SWEET9 and CWINV4 is 
previously reported in nectaries of pumpkin, squash, and sunflower all of which produce 
sucrose-rich nectars (Chatt et al., 2018; Prasifka et al., 2018; Solhaug et al., 2019).       
The current model of eccrine-based nectar synthesis just described provides rationale 
for the inclusion of sucrose, glucose, and fructose into nectars, but leaves mechanisms for 
incorporation of all other nectar metabolites unknown. It is previously suggested that active 
transport using ATPase transmembrane transporters and proton gradients facilitate the 
incorporation of nectar metabolites (Bernardello et al., 2007; Chatt et al., 2018; Eleftheriou 
and Hall, 1983b; Peng et al., 2004; Vassilyev, 2010). In support of this hypothesis, the 
transcriptomes reveal at the secretory stage an upregulation of plasma membrane-H-+-ATPase, 
sugar:proton symporters, amino acid transporters, and lipid transmembrane transporters. The 
distribution of druses, calcium oxalate crystals, around the vasculature and throughout the 
nectary parenchyma tissues provides further evidence to support the role of ATPase 
transmembrane transporters in nectar synthesis and secretion of all cotton nectaries. 
Sequestration of calcium in the druses negates its inhibitor effects on plasma membrane 
ATPases (Aguero et al., 2018; Kronestedt et al., 1986; Tölke et al., 2018).      
Our morphological and transcriptome studies indicate that the cell wall and cuticle are 
altered to facilitate the release of nectar. Cotton nectars are ultimately secreted from the 
papillae head cells after passing through the cell wall and cuticle. During the secretory stage 
of reproductive extrafloral nectaries, genes related to cell wall structure and cuticle deposition 
were significantly upregulated. The upregulation of cell wall structural genes likely contributed 
to the development of cell wall ingrowths on papillae head cells. The cell wall ingrowths may 
function like transfer cells to increase the surface area available for the transport of nectar 
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thereby increasing the speed of secretion (Fahn, 1979; Kronestedt et al., 1986; Paiva, 2016). 
Once through the cell wall, nectar accumulates in the subcuticular space between the cell wall 
and cuticle, eventually generating enough hydrostatic pressure to be released through small 
pores and fractures in the cuticle. Upregulation of cuticle deposition genes is therefore required 
to facilitate the expansion of the cuticle as it separates from the cell wall and to repair the 
fractures after nectar secretion has ceased to protect from pathogen attacks and water loss 
(Findlay et al., 1971b; Paiva, 2017).     
To summarize, our expression data of the G. hirsutum floral and reproductive 
extrafloral nectaries identified a number of Arabidopsis gene orthologs known to function in 
the existing eccrine-based model of nectar synthesis developed in floral nectaries of eudicots, 
thus expanding conservation of this model for the first time to extrafloral nectaries. An 
upregulation of the nitrogen assimilation and amino acid biosynthetic pathways indicates the 
potential for de novo synthesis of amino acids within nectaries. The combination of druses and 
upregulation of plasma membrane ATPases provides evidence for active transmembrane 
transport of sugars and amino acids leading to their incorporation within the nectar. Lastly, the 
compositions of the nectars varied between floral and extrafloral which reflect the feeding 
preferences of the respective mutualists, bees and ants.    
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Tables and Figures 
Table 1 | Identities of phenolic metabolites detected by mass spectrometric imaging of G. 
hirsutum nectaries. 
Formula m/z (Da) Delta mass 
(ppm) 
METLIN Metabolomics Database Match 
C11H8O4 203.0356 -3.03 Droserone 
C13H8O3 211.0407 -2.98 4-Hydroxyxanthone 
C14H8O3 223.0408 -3.27 Hydroxyanthraquinone 
C12H8O5 231.0305 -2.60 9-Hydroxy-4-methoxypsoralen 
C14H8O5 255.0306 -2.75 Anthragallol 
C14H10O5 257.0462 -2.53 Porric acid C 
C15H10O5 269.0462 -2.42 2-Hydroxychrysophanol 
C16H10O5 281.0461 -1.96 3-O-Methylcoumestrol 
C15H12O6 287.0568 -2.39 Porric acid B 
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Table 2 | Predominant sugars, and amino acids in G. hirsutum nectars. Differing superscript letters indicate statistically significant 
differences in abundance (q-value < 0.05). 
Nectar Type Sugars (M) Fructose-
to-glucose 
ratio 
Sucrose-to-
hexose ratio 
Amino acids (µM) 
Fructose Glucose Sucrose Essential Non-
essential 
Non-
proteinaceous 
Total 
Floral 1.81 ± 
0.14A 
1.89 ± 
0.18A 
0.005 ± 
0.0014A 
0.9706 ± 
0.0355 
0.0014 ± 
0.0004 
116.18 ± 
11.83 
2950.09 
± 294.49 
3.87 ± 1.18 3070.14 
± 303.15 
Bracteal 4.05 ± 
0.32B 
4.27 ± 
0.32B 
0.5 ± 
0.06B 
0.95 ± 
0.01 
0.06 ± 0.005 11.75 ± 
7.4 
36.9 ± 
12.19 
5.77 ± 0.9 54.42 ± 
19.71 
Circumbracteal 4.33 ± 
0.63B 
4.3 ± 
0.68B 
0.37 ± 
0.07B 
1.02 ± 
0.03 
0.04 ± 0.004 1.89 ± 
0.36 
21.46 ± 
2.83 
6.81 ± 2.85 30.16 ± 
2.29 
Foliar 4.56 ± 
0.35B 
4.16 ± 
0.34B 
1.34 ± 
0.12C 
1.1 ± 0.01 0.15 ± 0.003 11.45 ± 
5.93 
40.26 ± 
12.78 
3.39 ± 1.06 55.09 ± 
15.5 
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FIGURE 1 | Extrafloral nectaries present on Gossypium hirsutum leaves and flowers indicated 
by arrow heads: the foliar nectary (A), bracteal nectary (B), and circumbracteal nectary (C). 
Scale bar A = 5 mm; B, C = 10 mm.   
 
FIGURE 2 | Macrostructure of Gossypium hirsutum nectaries at the secretory stage of 
development, viewed by a macrozoom microscope (A, C, E, G) and SEM (B, D, F, H). 
Extrafloral nectaries (A-F) are composed of a pit of densely packed papillae. Floral nectary (G, 
H) is composed of a ring of stellate trichomes (*) subtended by a ring of papillae. (A, B) Foliar 
nectary; (C, D) Bracteal nectary; (E, F) Circumbracteal nectary; (G, H) Floral nectary. Scale 
bars = 0.5 mm 
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FIGURE 3 | Distribution of starch granules within subnectariferous parenchyma (regions within 
dashed boxes) during development of Gossypium hirsutum nectaries visualized by PAS staining 
and light microscopic imaging.  (A) Foliar pre-secretory; (B) Foliar secretory; (C) Bracteal pre-
secretory; (D) Bracteal secretory; (E) Circumbracteal pre-secretory; (F) Circumbracteal 
secretory (G) Floral pre-secretory; (H) Floral secretory; (I) Frequency of starch granules within 
the subnectariferous parenchyma of Gossypium hirsutum nectaries during nectary development. 
For each nectary type and developmental stage, starch granules were counted from a minimum 
of six sections originating from two separate nectaries. Error bars represent S.E. Abbreviations: 
VB = vascular bundle; FL = floral; B = bracteal; C = circumbracteal; FO = foliar. Scale bars = 
100 µm. 
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FIGURE 4 | Optical image overlaid on MS images of the spatial distribution of different 
phenolic metabolites generated from transverse cryosections of G. hirsutum nectaries. 
Vasculature is highlighted in top row of optical images by red dashed line. Spatial resolution is at 
25-μm. Scale bars = 500 µm. 
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FIGURE 5 | Microscopic images of G. hirsutum nectaries stained with Toluidine Blue O. (A) 
Foliar pre-secretory nectary; (B) Foliar secretory nectary; (C) Foliar secretory nectary, imaged 
closer to the phloem rays, highlighted by arrow, extending into subnectariferous parenchyma, 
arrow heads point to druse crystals; (D) Bracteal pre-secretory nectary; (E) Bracteal secretory 
nectary; (F) Bracteal secretory nectary, imaged closer to the parenchyma subtending the papillae; 
arrow heads point to druse crystals; (G) Circumbracteal pre-secretory nectary; (H) 
Circumbracteal secretory nectary; (I) Floral pre-secretory nectary; (J) Floral secretory nectary; 
(K) Floral secretory nectary, showing proximal nectary portion; (L) Floral secretory nectary, 
showing distal nectary portion.  Abbreviations: ep = epidermis; np = nectariferous parenchyma; 
pf = phloem fiber; * = hypoepidermis. Scale bars A, B, G, H, I, J = 100 µm; C, D, E, F, K, L = 
50 µm.  
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FIGURE 6 | G. hirsutum cellular details of the four nectary papillae stained with Toluidine Blue 
O.  (A) Foliar pre-secretory; (B) Foliar secretory; (C) Bracteal pre-secretory; (D) Bracteal 
secretory; (E) Circumbracteal pre-secretory; (F) Circumbracteal secretory; (G) Floral pre-
secretory; (H) Floral secretory; (I) Nectary papillae length and width at different stages of 
development. A total of 7 to 22 papillae were measured for each nectary type and developmental 
stage. Abbreviations: h = head cells; s = stalk cells; b = basal cells. All scale bars = 10 µm 
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FIGURE 7 | SEM and TEM images of the details of the cuticle and cell wall of G. hirsutum 
nectary papillae. (A) SEM image of the terminal ends of papillae of circumbracteal nectary at 
pre-secretory stage, note lack of microchannels (cracks) in cuticle surface; (B) SEM image of the 
circumbracteal nectary at secretory stage with microchannels in cuticle surface identified by 
arrow heads; (C) SEM image of the surface of a terminal cell from a foliar nectary papilla at 
secretory stage, note cuticular microchannels; (D) SEM image of the head cell from secretory 
circumbracteal papilla; (E) TEM image of the secretory bracteal papilla showing separated 
cuticle with microchannels and cell wall ingrowths; (F) TEM image of a portion of two adjacent 
distal stalk cells from secretory bracteal papillae, note periplasmic space; (G) TEM image of the 
head cells from secretory floral papilla and (H) TEM image of the secretory foliar papilla 
showing separated cuticle; (I) TEM image of the porous cuticle of head cell of bracteal secretory 
papilla.  Abbreviations: c = cuticle; cw = cell wall; ss = subcuticular space; pp = periplasmic 
space. Scale bars A, B = 25 µm; C = 50 nm; D, E, F = 2 µm; G, H = 5 µm; I = 1 µm 
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FIGURE 8 |TEM images of the cellular 
details of G. hirsutum nectary papillae 
and supporting nectariferous 
parenchyma tissue at the secretory stage. 
(A) Stalk cells from bracteal nectary; (B) 
Stalk cell from foliar nectary; (C) 
Organelles of stalk cell exemplified by 
foliar nectary; (D) Plasmodesmata 
(arrow-heads) in wall of internal stalk 
cell; (E-G) Junction between basal cell 
and nectariferous parenchyma of (E) 
bracteal nectary; (F) foliar nectary; (G) 
floral nectary; (H) Basal cell from 
circumbracteal nectary; (I) Nectariferous 
parenchyma from bracteal nectary; (J) 
Nectariferous parenchyma from foliar 
nectary.  Arrow-heads identify 
plasmodesmata. Abbreviations: am = 
amyloplasts; cl = chloroplast; b = basal 
cell; er = endoplasmic reticulum; Gb = 
Golgi body; m = mitochondria; n = 
nucleus; np = nectariferous parenchyma; 
pb = phenolic body; rer = rough 
endoplasmic reticulum; va = vacuole; vs 
= vesicle. Scale bars A, B, E - J = 2 µm; 
C =  1 µm; D = 0.5 µm. 
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FIGURE 9 | Venn diagram representation of the G. hirsutum nectar metabolomes. Each set is 
labeled with the number and percentage of analytes falling into that set along with the number of 
chemically identified analytes (the number after the colon).   
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FIGURE 10 | Volcano plot analyses of all possible pairwise comparisons of G. hirsutum nectar 
metabolomes. The significant ratio represents the number of analytes which differ significantly 
(colored data-points above the y-axis value of 1.3) over the number of analytes detected within 
the compared nectar types.    
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FIGURE 11 | Hierarchical clustering analysis by nectar type of the 197 quantified nectar 
analytes. Abbreviations: FL = floral; B = bracteal; C = circumbracteal; FO = foliar.
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FIGURE 12 | Amino acid profiles of G. hirsutum nectars categorized as non-proteinaceous, 
essential, and non-essential amino acids. Essential amino acids include leucine, isoleucine, 
phenylalanine, threonine, tryptophan, and valine. Different letters above each data-bar indicates 
statistical significance in different abundances (q-value < 0.05). Abbreviations: FL = floral; B = 
bracteal; C = circumbracteal; FO = foliar. 
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 FIGURE 13 | Differentially expressed 
genes in different nectaries.  (A) Scatter 
plots displaying differentially expressed 
genes relative to the secretory (sec) 
developmental stage. Points in grey 
represent genes that display spatial 
variation but lack temporal variation of 
gene expression within the nectary tissue 
throughout development. Points in red 
represent genes with both spatial and 
temporal differential expression. Each 
scatter plot is divided into four quadrants 
which detail gene expression patterns 
relative to the secretory developmental 
stage: preD-postU, preU-postU, preU-
postD and preU-postD. (B)Venn diagram 
representation of the distribution of genes 
displaying spatially differential 
expression between nectary and control 
tissue, but they lack temporal variation of 
gene expression within each nectary 
tissue through development. Each set is 
labeled with the number and percentage 
of genes falling into that set. (C) Venn 
diagram representations displaying the 
distribution of genes with both spatial and 
temporal differential expression by 
nectary type (i.e. floral, bracteal, 
circumbracteal, and foliar) divided into 
the same four quadrants of expression 
patterns detailed in the scatter plots (A). 
Each set is labeled with the number and 
percentage of genes falling into that set.        
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FIGURE 14 | Expression analysis of genes involved in starch and sucrose metabolism identified 
with MAPMAN. Normalized RNA-seq data was used to generate heat maps of the log2 fold-
difference in expression relative to the secretory stage of nectary-development. Blue cells 
indicate upregulation at the secretory stage whereas red indicate downregulation at the secretory 
stage compared to the pre- or post-secretory developmental stages. Full names for the 
abbreviations of individual genes are provided in Supplemental File 10. Abbreviations: FL = 
floral; B = bracteal; C = circumbracteal; FO = foliar; Pre = pre-secretory; Sec = secretory; Post = 
post-secretory 
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FIGURE 15 | Heat map representation of temporal differential expression of genes annotated as 
transmembrane transporters.  The genes were filtered by the characteristic that it is upregulated 
in nectary tissue as compared to the non-nectary control tissue.  Temporal differential expression 
was evaluated relative to the secretary stage nectaries. Genes were hierarchically clustered based 
on one minus Pearson correlation of the log2 transformed normalized read counts. Gene 
descriptions are provided in Supplemental File 10. Abbreviations: FL = floral; B = bracteal; C = 
circumbracteal; FO = foliar; Pre = pre-secretory; Sec = secretory; Post = post-secretory.  
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FIGURE 16 | Heat map representation of temporal differential expression of genes annotated as 
involved in amino acid biosynthesis.  The genes were filtered by the characteristic that it is 
upregulated in nectary tissue as compared to the non-nectary control tissue. Temporal differential 
expression was evaluated relative to the secretary stage nectaries. Genes were hierarchically 
clustered based on one minus Pearson correlation of the log2 transformed normalized read 
counts. Gene descriptions are provided in Supplemental File 10.  Abbreviations: FL = floral; B = 
bracteal; C = circumbracteal; FO = foliar; Pre = pre-secretory; Sec = secretory; Post = post-
secretory. 
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FIGURE 17 | Heat map representation of temporal differential expression of genes annotated as 
involved in ammonia and nitrogen metabolism. The genes were filtered by the characteristic that 
it is upregulated in nectary tissue as compared to the non-nectary control tissue. Temporal 
differential expression was evaluated relative to the secretary stage nectaries. Normalized RNA-
seq data was used to calculate the log2 fold-difference in expression relative to the secretory 
stage of nectary-development. Blue cells indicate upregulation at the secretory stage whereas red 
indicate downregulation at the secretory stage compared to the pre- or post-secretory 
developmental stages. Gene descriptions are provided in Supplemental File 10.  Abbreviations: 
FL = floral; B = bracteal; C = circumbracteal; FO = foliar; Pre = pre-secretory; Sec = secretory; 
Post = post-secretory. 
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FIGURE 18 | Heat map representation of temporal differential expression of genes annotated as 
involved in cell wall metabolism.  The genes were filtered by the characteristic that it is 
upregulated in nectary tissue as compared to the non-nectary control tissue. Temporal differential 
expression was evaluated relative to the secretary stage nectaries. Genes were hierarchically 
clustered based on one minus Pearson correlation of the log2 transformed normalized read 
counts. Gene descriptions are provided in Supplemental File 10.  Abbreviations: FL = floral; B = 
bracteal; C = circumbracteal; FO = foliar; Pre = pre-secretory; Sec = secretory; Post = post-
secretory. 
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FIGURE 19 | Heat map representation of temporal differential expression of genes annotated as 
involved in lipid metabolism.  The genes were filtered by the characteristic that it is upregulated 
in nectary tissue as compared to the non-nectary control tissue. Temporal differential expression 
was evaluated relative to the secretary stage nectaries. Genes were hierarchically clustered based 
on one minus Pearson correlation of the log2 transformed normalized read counts. Gene 
descriptions are provided in Supplemental File 10.  Abbreviations: FL = floral; B = bracteal; C = 
circumbracteal; FO = foliar; Pre = pre-secretory; Sec = secretory; Post = post-secretory. 
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CHAPTER 4. METABOLOMIC PROFILING OF NICOTIANA SPP. NECTARS 
REVEALS THE INTERPLAY BETWEEN PLANT PHYLOGENETICS AND 
POLLINATORS IN SHAPING NECTAR DIVERSIFICATION 
 
Fredy A. Silva1, Elizabeth C. Chatt1, Siti-Nabilla Mahalim1, Adel Guirgis1,2, Xingche Guo3, 
Daniel S. Nettleton3, Basil J. Nikolau1 and Robert W. Thornburg1 
Abstract 
Abstract 
1. Floral nectar is a rich secretion produced by the nectary gland and is offered as reward to attract 
pollinators leading to improved seed set. Nectars are composed of a complex mixture of sugars, 
amino acids, proteins, vitamins, lipids, organic and inorganic acids. This composition is influenced 
by several factors such as, floral morphology, mechanism of nectar secretion, time of flowering, 
and visitation by pollinators. The objective of the study was to determine the contributions of 
flowering time, plant phylogeny, and pollinator selection on nectar composition in Nicotiana. 
2. The main classes of nectar metabolites (sugars and amino acids) were quantified among fifteen 
Nicotiana species representing day- and night-flowering plants across ten sections of the genus 
that use five primary pollinators.   
3. Summary of the nectar compositions by species demonstrate that night-flowering species have 
high sucrose-to-hexose ratios, while the day-flowering species have the highest fructose-to-
glucose ratios, and they demonstrate the highest concentration of amino acids.  
                                                 
1 Department of Biochemistry, Biophysics and Molecular Biology, Iowa State University, Ames, 
IA, United States 
2 Department of Molecular Biology, Genetic Engineering and Biotechnology Research Institute, 
University of Sadat City, Sadat City, Egypt 
3 Department of Statistics, Iowa State University, Ames, IA, United States 
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4. The nectar metabolomes of different Nicotiana species are distinguishable by the feeding 
preferences of the target pollinator(s) for the species, and the phylogeny can be distinguished based 
solely on nectar sugars (i.e. glucose, fructose, and sucrose).  
5. Statistical analysis of the metabolomes indicate that pollinators are a stronger determinant of 
nectar composition than plant phylogeny.  
Introduction 
Nectars are metabolite-rich biological fluids that function as the primary floral reward 
offered to animal mutualists to sustain plant-pollinator relationships (Ollerton, 2017).  These fluids 
are produced and secreted from nectary glands. The nectar composition, in addition to other floral 
traits, such as morphology, color, and scent, recruit pollinators to promote plant reproductive 
success through improved pollination and seed set (Ackermann and Weigend, 2006; Afik et al., 
2014; Kaczorowski et al., 2005; Kessler and Baldwin, 2007; Torres and Galetto, 2002). The 
complexity of nectar composition is influenced by the plant’s pollination syndrome in order to 
accommodate the feeding preferences of the target pollinator (Baker and Baker, 1983; Gardener 
and Gillman, 2002; Hendriksma et al., 2014). Depending on the plant species, nectar may contain: 
sugars, amino acids, vitamins, alkaloids, phenolics, terpenoids, lipids, metal ions, hormones, and 
proteins (Baker and Baker, 1983; Nicolson and Thornburg, 2007; Richardson et al., 2015; Roy et 
al., 2017). The most abundant class of nectar metabolites are sugars, predominately fructose, 
glucose, and sucrose. The ratios of nectar sugars are the primary means of classifying nectars, into 
four categories: hexose-dominant, hexose-rich, sucrose-rich, and sucrose-dominant (Baker and 
Baker, 1983). Amino acids are the second most common class of metabolites present in nectar, 
and their abundance is typically a thousand fold less than that of the sugars (Nicolson and 
Thornburg, 2007).  
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Both nectar sugars and amino acids are actively selected for by pollinators and affect 
pollinator behavior and health. (Hainsworth and Wolf, 1976; Inouye and Waller, 1984; Pyke and 
Waser, 1981; Stiles, 1976). Pollinators display nectar feeding preferences that align with factors 
such as dietary requirements to sustain foraging (Martínez del Río, 1990; Waller, 1972), nectar 
viscosity to enable efficient feeding (Kim et al., 2011), and neuronal response to phagostimulatory 
metabolites (Gardener and Gillman, 2002). These feeding preferences are manifest in nectar 
compositions, primarily by the proportions of fructose, glucose, and sucrose, which are dictators 
of nectar viscosity (Kim et al., 2011). For instance, honey bees and short tongue pollinators prefer 
concentrated hexose-rich nectars, whereas hummingbirds prefer dilute sucrose-rich nectars (Baker 
and Baker, 1983; Pyke and Waser, 1981; Wykes, 1952).  
Nectar amino acids are the major class of phagostimulatory metabolites and contribute to 
pollinator energy requirements (Felicioli et al., 2018; Hendriksma et al., 2014; Nepi et al., 2012). 
Example of amino acids which effect pollinator feeding behavior include proline, phenylalanine, 
β-alanine, and ϒ-aminobutyric acid (Carter et al., 2006; Nepi, 2014; Petanidou et al., 2006).      
Nicotiana (Solanaceae) is morphologically diverse and adapted to habitats ranging from 
desserts to subtropical regions distributed across South America, North America, Australia, the 
South Pacific, and Africa (Goodspeed, 1947; Merxmuller and Buttler, 1975). The genus is thought 
to have originated in South America, and today is composed of 76 species, diploid and 
allotetraploid, divided into 13 sections (Alatae, Nicotiana, Noctiflorae, Paniculatae, Petunoides, 
Polydicliae, Repandae, Rusticae, Suaveolentes, Sylvestres, Tomentosae, Trigonophyllae, and 
Undulatae) (Knapp et al., 2004). In addition to morphological variation, the genus is visited by 
several different pollinator types and contains both day-flowering and night-flowering species 
(Raguso et al., 2003; Tiedge and Lohaus, 2017). Hence, these attributes make Nicotiana an ideal 
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system for identification of ecological factors that may drive nectar composition, and provide a 
basis to explore the variation in phylogenic relations, ecological conditions, flowering time, and 
pollination syndrome (Kaczorowski et al., 2005; Silva et al., 2018; Tiedge and Lohaus, 2017).  
The objective of the present study was to determine the contributions that time of 
flowering, phylogeny, and nectar composition make to the pollination syndrome of Nicotiana, and 
how these attributes align with the preferred pollinator(s) of the 10 Nicotiana sections evaluated 
by the study. To address this objective, the major nectar metabolites, sugars and amino acids, were 
quantified from a broad sampling of fifteen Nicotiana species using robust gas chromatography-
based analytical platforms. These fifteen species represent both day- and night- flowering plants, 
ten of the thirteen sections (Alatae, Nicotiana, Noctiflorae, Paniculatae, Polydicliae, Repandae, 
Rusticae, Suaveolentes, Sylvestres, and Undulatae) and five pollinator types (bee, butterfly, 
hawkmoth, moth, and hummingbird).  
Material and Methods 
Plant Materials and Growth Conditions 
The seeds of fifteen Nicotiana species used in the study were obtained from the US 
Department of Agriculture National Genetic Resources Program (www.ars-grin.gov). The seeds 
were sown in 4-inch peat pots in a greenhouse, under 16-h day/8-h night conditions. After 15 to 
30 days, the seedlings were transplanted to individual 30 cm pots containing a local potting mix.  
Nectar Sample Collection 
Nectar was collected from stage 12 flowers (Koltunow et al., 1990), between dawn and 
noon as previously described (Carter et al., 1999; Naqvi et al., 2005). In brief, nectar was collected 
by separating the floral tube from the calyx of the flower and squeezing the base of the floral tube. 
Exuded nectar was collected using sterile micropipette tips (0.5-10 uL) and transferred to a 1.5 mL 
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tube for long-term storage at -80 °C. During collection, nectar was kept on ice. A completely 
randomized experimental design was used during the nectar sample collection.  Each nectar sample 
was obtained by pooling nectar from three flowers of a plant, and two such samples were obtained 
per plant for a total of 90 samples (2 samples x 3 plants x 15 species).   
Amino Acid Analysis 
Analysis of amino acids was performed using the Phenomenex EZ:FaastTM kit for free 
amino acids, Torrance, CA, United States, (www.phenomenex.com). The nectar samples were 
subjected to solid phase extraction (20 µL nectar per extraction) and derivatization according to 
the manufacturer’s instructions, with one adjustment: after addition of the norvaline internal 
standard (2 nmol), 170 µL of 10% propanol/20 mM HCl was added to acidify each sample. 
Following derivatization, samples were concentrated by evaporation under a stream of nitrogen 
gas, and amino acids were analyzed using an Agilent Technologies model 7890A gas 
chromatograph equipped with a ZB-AAA 10 m x 0.25 mm amino acid analysis column, coupled 
to a model 5975C mass selective detector capable of electrical ionization (EI), Santa Clara, CA, 
United States, (www.agilent.com). The GC-MS instrument settings followed the manufacturer’s 
recommendations. Analyte peaks were integrated using AMDIS spectral deconvolution software 
package (Stein, 1999) and identified with authentic standards, and the major ions listed by the 
manufacturer. Amino acids were quantified relative to the internal standard, norvaline.   
Carbohydrate Analysis 
Quantification of the predominant sugars (i.e. sucrose, glucose, and fructose) was 
completed using GC-FID (Gas Chromatography- Flame Ionization Detector) using an additional 
aliquot from the same nectar samples subjected to amino acid analysis. Specifically, 1 µL of nectar 
from the pooled sample was spiked with 10 µg ribitol as an internal standard, and the mixture was 
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dried by lyophilization. The dried sample underwent methoximation while continuously shaking 
at 30 °C for 90 min, using 20 mg mL-1 methoxyamine hydrochloride dissolved in pyridine. The 
methoximated sample was silylated for 30 min at 60 °C with BSTFA/ 1% TCMS. Following 
dilution with 1 mL pyridine, 1-µL aliquot was analyzed by GC-FID using an Agilent Technologies 
Model 7890A gas chromatograph system outfitted with an Agilent Technologies 7683B series 
injector and equipped with an DB-1ms (15 m x 250 µm x 0.25 µm) column coupled to an FID 
detector, Santa Clara, CA, United States, (www.agilent.com).  
Chromatography was conducted with a helium gas flow rate of 1.2 mL min-1, and the 
injection was at 10:1 split-mode. The oven temperature gradient was in three steps, starting at 70 
°C and increasing to 170 °C at a rate of 25 °C min -1, then from 170 °C to 250 °C at a rate of 12.5 
°C min -1 , and finally from 250 °C to 340 °C at a rate of 25 °C min -1, followed by a 30 second 
hold at this temperature.  Data integration of resulting spectra and analyte quantification was 
performed with the Agilent MSD ChemStation software, Santa Clara, CA, United States, 
(www.agilent.com). Analyte peaks were identified by comparing retention times to authentic 
standards and quantified using both the ribitol internal standard and calibration curves for each 
authentic sugar.   
Statistical Analysis 
Statistical analysis of metabolite concentrations was conducted by taking the logarithm of 
the average values obtained from each plant, yielding 45 response values (one per plant and three 
per species).  For each metabolite, a linear model with one mean per species and constant error 
variance was fitted to the 45 response values.  As part of each linear model analysis, F-tests were 
conducted for each linear model comparing among the 15 Nicotiana species to identify differences 
in the average responses between each pair of Nicotiana sections and between each pair of 
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pollinators.  The 27 p-values for each comparison (one p-value per metabolite) were adjusted to 
obtain approximate control of the false discovery rate at the 0.05 level (Benjamini and Hochberg, 
1995). 
Similarities and differences among metabolite levels between Nicotiana sections were 
visualized by hierarchical agglomerative clustering with complete linkage.  To perform clustering, 
the estimated section response means were first standardized within each metabolite to obtain a 
standardized response profile across sections for each metabolite.  Dissimilarities between each 
pair of metabolites was computed as the Euclidean distance between the standardized response 
profiles.  Clustering based on these pairwise dissimilarities places two metabolites in the same 
cluster if their estimated section response means are highly correlated among the Nicotiana 
sections.  Although hierarchical clustering groups the metabolites into any number of clusters 
ranging from 1 to 27, a total of 6 clusters were selected for displaying and summarizing the results 
to strike a visual balance between high within-cluster consistency, and low between-cluster 
similarity.  Using identical clustering methods, the metabolites were also clustered based on their 
estimated mean levels between different pollinators.  
Results 
Nicotiana Floral Morphology and Pollination Syndromes  
The pollination syndromes that attract the pollinators to Nicotiana are strongly influenced 
by floral morphology, flower timing, and nectar composition. The natural variation in floral 
morphology, flower timing, and nectar composition in Nicotiana was captured by studying fifteen 
species representing ten sections within the genus. Morphological differences observed in 
Nicotiana flowers include petal color, floral opening width, and corolla length (Fig. 1). Major 
pollinators of the included species include bee, butterfly, hawkmoth, hummingbird, and moth 
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(Table 1). The sugars and amino acids, which are the major classes of nectar metabolites, are 
especially influential in pollinator attraction (Kaczorowski et al., 2005; Silva et al., 2018; Tiedge 
and Lohaus, 2017).   
Nectar Sugars and Amino Acids of Nicotiana Species 
The targeted GC-FID carbohydrate analysis of the predominant sugars (i.e. fructose, 
glucose, and sucrose) revealed a range of total nectar sugar concentrations, spanning from ~1 M 
for N. repanda to ~6 M for N. langsdorffii, this latter species, has the highest abundance of hexoses 
in the nectar (Table 1; Fig. 2A; Supplemental Files 1 and 2). Assessment of the sugar ratios reveals 
that eight of the species are hexose-rich (sucrose-to-hexose ratio < 0.5), three species are sucrose-
rich (sucrose-to-hexose ratio 0.5 > 1), and the other four species are sucrose-dominant (sucrose-
to-hexose ratio > 1) (Fig. 2C). The sucrose-to-hexose ratios are highest in the night-flowering 
species, (N. repanda, N. sanderae, N. forgentiana, N. alata and N. sylvestris), with the one 
exception, the day-flowering species N. glauca. Species with the highest fructose-to-glucose ratios 
(ranging 4.5 to 16) (N. glauca, N. paniculata, and N. rustica) are all day-flowering species, and 
for these three species this ratio is distinct from the other species examined (Fig 2B; Supplemental 
File 2).    
The analysis of nectar amino acids by GC-MS identified 24 amino acids, nine of which are 
classified as essential for the pollinators (Tiedge and Lohaus, 2017), six non-proteinaceous, and 
the remaining are non-essential (Supplemental File 2). The total amino acid concentration in the 
nectar of the different species ranged from 0.25 mM to 14 mM (Fig. 3A). The highest concentration 
of total amino acid content occurs in the nectar of four day-flowering species, N. glauca (14.1 
mM), N. langsdorffii (13.2 mM), N. rustica (8.8 mM), N. paniculata (7.79 mM), and one night-
flowering species N. clevelandii (8.17 mM) (Supplemental File 2). Among all fifteen species 
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examined, the non-essential amino acids (alanine, glycine, serine, proline, asparagine, aspartic 
acid, glutamic acid, glutamine, and tyrosine) accounted for the largest proportion of the amino 
acids, ranging from ~70% to 98% (Fig. 3B), and in all but two species, proline was the most 
abundant non-essential amino acid (~20% to 84% of all amino acids). The concentration of the 
proline varies from 0.1 mM to 11.8 mM, with the highest concentration occurring in the day-
flowering species N. glauca (11.8 mM, 84% total amino acid content), N. langsdorffii (8.7 mM) 
and N. paniculata (6.0 mM). The exception to this generalization is the nectar from N. tobacum 
and N. clevelandii in which asparagine and glutamine dominate the respective amino acid pool 
(Fig. 3C). Both proline and phenylalanine are two important amino acids with phagostimulatory 
activity on pollinators (Nepi et al., 2012; Nicolson & Thornburg, 2007; Petanidou, 2007). The 
nectar of N. langsdorffii contains the highest concentration of phenylalanine (0.30 mM) followed 
by N. rustica (0.27 mM). 
Nectar Composition of Nicotiana Sections  
 The relationship between nectar composition to the phylogenetics of the ten Nicotiana 
sections was evaluated by hierarchical clustering. This clustering revealed unique nectar-defined 
features that are characteristic of the different section(s). Nectar composition data were divided 
into six distinguishable clusters based on patterns of metabolite abundance among the sections 
(Fig. 4; Supplemental File 3). The most notable features are those associated with the nectar sugars 
(i.e., fructose, glucose, and sucrose) which separate into Clusters 1, 2, and 3, respectively. The 
combined profile of these three sugars is statistically unique for twelve of the sections based on 
the pairwise q-values between sections (Supplemental File 3). The sections with indistinguishable 
total sugar profiles were Undulatae, Suaveolentes, and Nicotiana.  
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Additional features highlighted by hierarchical clustering are similarities between the 
sections.  The sections Undulatae, Sylvestres, Suaveolentes, and Nicotiana have comparable amino 
acid profiles (Fig. 5) with few significant differences in the abundances in the 27 quantified 
metabolites (Supplemental File 3). The similarity between these four sections is apparent in the 
patterns of metabolite abundances displayed in Clusters 1, 4, and 5 (Fig. 4). The sections Rusticae 
and Polydicliae are similar as characterized by parallel increases in metabolite abundancies within 
Clusters 1 and 5 (Fig. 4), and comparable proportions of amino acids when viewed by the 
functional category (Fig. 5B).  
The section Noctiflorae is distinguished from other sections by significantly higher 
abundances of the six metabolites within Cluster 4, which includes proline and other non-essential 
amino acids (Fig. 5B; Supplemental File 3). As illustrated by Cluster 6, the section Repandae is 
unique in its high abundance of β-alanine (Fig. 4).     
Relationship between Nectar Composition and Pollinators  
The relationship between nectar composition and the preferred pollinator that is attracted 
by the nectar was visualized with a second hierarchical clustering analysis using identical 
clustering methods based on the metabolites estimated mean levels as compared to the preferred 
pollinators. The metabolites were grouped into six distinct clusters (Clusters A-F) (Fig. 6; 
Supplemental File 4). As illustrated by Clusters A- E (Fig. 6), nectars of species pollinated by bees 
are the richest in metabolite levels, with 4.3 M total sugars, and 10 mM amino acids (Fig. 7; Table 
2). Moreover, 103 out of the 108 possible pairwise comparisons of metabolite abundances differed 
significantly between bees and all other pollinators (q-values < 0.05; Supplemental File 4). 
Individual analysis of amino acids that act as pollinator attractants (Carter et al., 2006; Nepi, 2014), 
114 
 
 
 
demonstrate that bee nectars have equally high or the highest levels of γ-aminobutyric acid 
(GABA), proline, β-alanine, and ornithine (Fig. 8).  
As illustrated by metabolite abundance patterns in Clusters A, C, and D, nectars that attract 
bees and hummingbirds have the second highest abundances for many of the metabolites (Fig. 6). 
Hummingbird-attracting nectars also have the second highest total sugar and amino acid content 
compared to bee-attracting nectars (2.6 M and 6.5 mM, respectively) (Fig. 7).  
Defining features of nectars of moth pollinated species are the relatively high abundances 
of lysine, ornithine, and β-alanine (Fig. 6 Cluster E and Cluster F).  Otherwise, these species that 
are moth pollinated, produce nectars that appear to be intermediate in metabolite abundances, 
being less-rich than the bee and hummingbird pollinated species, but richer than butterfly and 
hawkmoth pollinated species (Table 2). As illustrated by Clusters A, B, and C (Fig. 6), and the 
total amino acid profiles (Fig. 7B), nectars of moth pollinated species more closely resemble 
hummingbird pollinated species (13 of 27 metabolite abundances differ) than hawkmoth pollinated 
species (24 of 27 metabolite abundances differ) (Supplemental File 4).  
The remaining two pollinators, butterfly and hawkmoth, are characterized by feeding on 
nectars that are nearly identical in composition (Fig. 7).  These nectars generally contain the lowest 
metabolite abundances (Cluster A through Cluster D) (Fig. 6). The abundances of only seven 
metabolites differed significantly between butterfly and hawkmoth feeding nectars (Supplemental 
File 4).  
Figure 9 compares the influence of plant phylogeny and pollinator-choice to the nectar 
compositions of the sampled species.  This evaluation is based on the proportion of pairwise 
comparisons which differed significantly among all the metabolite that were assessed. These 
comparisons demonstrate that there are more significant variations in nectar compositions among 
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species that utilize different pollinators than just the phylogeny of the species. Together, these 
results suggest that pollinator selection is a strong determinant of nectar sugar and amino acid 
compositions.    
Discussion 
The primary objective of the current study was to define the influence of plant phylogeny 
and pollinator constraints on determining nectar composition.  This was explored by leveraging 
the diversity of Nicotiana. Nectar is a complex solution which has predominately been defined by 
the sugar and amino acid constituents, but may also contain vitamins, alkaloids, phenolics, 
terpenoids, lipids, metal ions, hormones, and proteins (Baker and Baker, 1983; Roy et al., 2017). 
In the present study, we quantified nectar sugar and amino acid content from fifteen species within 
e Nicotiana, representing ten of the thirteen sections of the genus, and these species are pollinated 
by five different animals. This broad sampling provided a basis to assess the influence of multiple 
factors on nectar composition, these being day/night flowering, phylogeny, and the pollinators. 
This study therefore explores how these traits interrelate to the pollination syndrome for Nicotiana, 
which appears to be dependent on nectar composition (Kaczorowski et al., 2005; Silva et al., 2018; 
Tiedge and Lohaus, 2017). 
Evaluation of the nectar composition at the species level confirmed that sugars are the 
predominant components, with total amino acid content accounting for about 0.1% of the nectar. 
The most abundant amino acid is proline followed by glutamine, aspartic acid, and asparagine, 
which is similar to the findings previously reported (Kaczorowski et al., 2005; Tiedge and Lohaus, 
2017).  Based on the current model of nectar production, a one-to-one molar ratio of fructose-to-
glucose is expected because these hexoses are thought to be generated by the hydrolysis of sucrose, 
catalyzed by an extracellular cell wall invertase (Ruhlmann et al., 2010; Tiedge and Lohaus, 2018). 
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As previously indicated (Silva et al., 2018; Tiedge and Lohaus, 2017) and determined in this study, 
the fructose-to-glucose ratios display a non-stoichiometric hexose ratio skewed towards higher 
fructose levels. The skewed hexose ratio could be the result of post-secretion modification of the 
nectar caused by two possible mechanisms.  One of these mechanisms is the in situ fermentation 
of the sugar by yeasts that are in the nectar (Herrera et al., 2009), or the alteration of carbohydrate 
chemistries by enzymes secreted into the nectar (Heil et al., 2005; Nepi et al., 2012). Tiedge and 
Lohaus (2017) suggested that the yeast-fermentation mechanism maybe biologically irrelevant, 
but support for the latter is the finding of proteins in Nicotiana nectars (Carter et al., 1999; Silva 
et al., 2018).  
Nicotiana Nectar Displays Compositional Differences Based on Flower Timing  
Nicotiana is comprised of both day-flowering and night-flowering species. Correlated with 
day-flowering, associated with the species N. glauca, N. paniculata and N. rustica, is the 
production of nectar with higher fructose-to-glucose ratio that was also previously explored 
(Tiedge and Lohaus, 2017). This attribute may be associated with the unique metabolic capability 
of the predominant pollinator (i.e., hummingbirds) of these species, which can highly efficiently 
sustain flight with these hexose sugars; fructose and glucose fuel 88% and 81% of the 
hummingbird’s metabolism during hovering flight (Chen and Welch, 2014). Another metabolic 
feature that is highly associated with the day-flowering species, is the high concentrations of amino 
acids in these nectars (Fig. 3A, Supplemental File 2), which is also associated with the highest 
molar concentration of proline (Fig. 3C).   
The nectar composition of most of the night-flowering species, N. repanda, N. sanderae, 
N. forgentiana, N. alata and N. sylvestris (the exception being N. glauca), is distinct from those of 
the day-flowering species.  The common compositional traits of these nectars are a high sucrose-
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to-hexose ratio resulting in a decreased osmolarity and lower total sugar concentrations, resulting 
in a less viscous nectar. Night-flowering plants can afford secreting a more dilute nectar solution, 
because at the lower night temperatures, rates of evaporation are lower  (Witt et al., 2013). 
Additionally, although higher viscosity nectar offers an advantage for pollinators that utilize a 
“mopping tongue” action for feeding (i.e., bees),  the lower viscosity of a dilute nectar aids the 
nocturnal pollinators (i.e., Lepidoptera moth), which feed by sucking nectar through a long 
proboscis (Kim et al., 2011; Tiedge and Lohaus, 2017).  
Plant Phylogeny and Pollinator Type Both Contribute to Nectar Composition    
 Based on the statistical evaluation of the metabolite data summarized among the different 
Nicotiana sections and pollinator types, we conclude that the pollinator of a species has a stronger 
influence on determining the nectar composition than the plant phylogeny. Hierarchical clustering 
analysis of the nectar sugar and amino acid concentrations illustrate relationships among the 
composition traits and the section. These analyses identified two groupings, one containing the 
sections Undulataea, Sylvestres, Suaveolentes, and Nicotiana, and the other containing Rusticae 
and Polydicliae.  Thus, as with the Asteraceae (Torres and Galetto, 2002) and the Labiatae 
(Petanidou, Goethals, & Smets, 2000) families, not unexpectedly nectar composition in Nicotiana 
also has a strong phylogenetic determinant (Kaczorowski et al., 2005; Tiedge and Lohaus, 2017). 
Rather surprising however, when only the nectar sugar profiles are considered a different 
phylogenetic grouping is obtained, with seven of the ten sections (Noctiflorae, Paniculatae, 
Rusticae, Repandae, Sylvestres, Polydicliae, and Alatae) being distinguishable based on the 
significantly different combinations of fructose, glucose, and sucrose content.  
When these composition data were hierarchically clustered by pollinator type (i.e. bee, 
butterfly, hawkmoth, hummingbird, and moth), distinct nectar profiles were associated with each 
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pollinator, which parallels the pollinator’s feeding preferences. For example, reflecting on the 
known feeding preference of bees (Baker and Baker, 1983; Waller, 1972), bee-pollinated 
Nicotiana species produce the richest nectar (in terms of total sugar and amino acid content), which 
is hexose-rich, with a fructose-to-glucose ratio heavily skewed towards fructose.  These bee-
pollinated Nicotiana species also produce nectars rich in proline, phenylalanine, GABA, and 
ornithine, which are proposed to function in the attraction or health of the pollinator. These amino 
acids, particularly proline, elicit a strong phagostimulatory response in bees (Gardener & Gillman, 
2001; Hendriksma et al., 2014; Inouye & Waller, 1984; Nepi, 2014; Petanidou et al., 2006). Proline 
specifically, is one of the most common and abundant amino acids present in nectar from many 
species (Baker et al., 1978), and also provides rapid energy source for initial insect flight, which 
is particularly important for bees (Bertazzini et al., 2010; Carter et al., 2006; Teulier et al., 2016). 
Artificial nectar enriched with GABA has been shown to increase the locomotion and survival 
time of bees, particularly as compared to β-alanine enriched artificial nectar (Felicioli et al., 2018). 
This maybe one explanation of why the nectar of bee pollinated Nicotiana species are rich in 
GABA, but poor in β-alanine, the latter being rich in nectars of butterfly and moth pollinated 
species. 
Hummingbird pollinated Nicotiana species produce sucrose-rich nectar, which aligns with 
the known hummingbird feeding preference (Stiles, 1976), and agreeing with previous studies 
within Nicotiana  (Tiedge and Lohaus, 2017).  Additionally, our finding that these nectars are 
dilute solutions of sucrose, as compared to nectars that attract bees, aligns with the theory that a 
dilute nectar aids in the feeding habits of hummingbirds, and deters robbing of nectar by bees 
(Bolten and Feinsinger, 1978).  
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As nectarivores, moths are dependent on nectars for gaining the majority of their nutrient 
and energy needs. Similar to other moth pollinated flowers (Baker and Baker, 1983), Nicotiana 
species that are moth-pollinated produce a sucrose-rich nectar, which is also characterized by 
relatively high abundances of the amino acids, lysine, ornithine, and β-alanine. Although these 
animals are reliant on nectar as their primary source of dietary amino acids (Kaczorowski et al., 
2005), little is known on how nectar amino acids affects the moths’ dietary preference.  
Parallel to prior findings (Kaczorowski et al., 2005), the Nicotiana species pollinated by 
butterflies and hawkmoths produced a dilute, yet sucrose-rich nectar. The overall composition of 
the butterfly and hawkmoths nectars were nearly identical and contain the lowest total sugar and 
amino acid abundances compared to nectars preferred by moth, hummingbird, and bee.  One 
striking feature highlighted by the hierarchical clustering is the abundance of β-alanine in moth 
and butterfly pollinated nectar. This non-proteinaceous amino acid is an insect neurotransmitter 
and may enhance muscular endurance for prolonged flight (Nepi, 2014). Furthermore, this nectar-
sourced β-alanine may provide a dietary source of this metabolite. β-alanine is required for melanin 
biosynthesis, specifically the biosynthesis of N-β-alanyl dopamine (NBAD) sclerotin, which 
provides butterfly wings with the yellowish-tan hues (Zhang et al., 2017).  
 These data improve our understanding of pollinator-nectar preferences, and represents 
an advance towards enhanced understanding of plant-animal interactions. Specifically, the data 
collectively suggest that pollinator-mediated selection plays a critical role in the convergent 
evolution of different nectar types and floral diversification mechanisms. 
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Tables and Figures 
Table 1 | Classification and characteristics of Nicotiana species studied herein 
 Species Section Pollinator Flowering time Reference 
N. glutinosa Undulataea Moth, butterflies Night (Anon, 2019d) 
N. glauca Noctiflorae Hummingbird, bird Day (Ollerton et al., 2012; Tiedge and Lohaus, 2017)  
N. paniculata Paniculatae Hummingbird Day (Ollerton et al., 2009; Tiedge and Lohaus, 2017) 
N. rustica Rusticae Moth, bee Day (Raguso et al., 2003)  
N. repanda Repandae Moth, butterflies Night (Anon, 2019b; Knapp et al., 2004) 
N. sylvestris Sylvestres Hawkmoth Night (Mahr, 2013) 
N. gossei Suaveolentes Moth, butterflies Night (Anon, 2019e; Knapp et al., 2004)  
N. tabacum (Xanthi) Nicotiana Hummingbird Day (Tiedge and Lohaus, 2017) 
N. tabacum (Samsun) Nicotiana Hummingbird Day (Tiedge and Lohaus, 2017) 
N. clevelandii Polydicliae Moth, bee, other Night (Anon, 2019a; Knapp et al., 2004)  
N. sanderae Alatae Moths, butterflies Night (Anon, 2019c; Kornaga, 1993) 
N. plumbaginifolia Alatae 
Hawkmoth, 
autogamous 
Night 
(Kaczorowski et al., 2005)  
N. langsdorffii Alatae Hummingbird, bee Day (Ippolito, 2000; Kaczorowski et al., 2005) 
N. forgentiana Alatae Hummingbird Night (Ippolito, 2000) 
N. alata Alatae Hawkmoth Night (Kaczorowski et al., 2005) 
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Table 2 | Sugar and amino acid concentrations and ratios summarized by pollinator. Numerical data is presented as mean ± S.E. 
Pollinator Glucose 
(M) 
Fructose 
(M) 
Sucrose 
(M) 
Total sugars 
(M) 
Fructose-to-
glucose ratio 
Sucrose-to-
hexose ratio  
Total amino 
acids (mM) 
Bee 2.20 ± 0.23 1.07 ± 0.16 1.06 ± 0.18 4.33 ± 0.49 2.95 ± 0.57 0.29 ± 0.03 10.08 ± 0.65 
Hummingbird 1.15 ± 0.15 0.59 ± 0.11 0.86 ± 0.10 2.60 ± 0.34 5.64 ± 1.07 0.60 ± 0.06 6.53 ± 1.04 
Moth 1.07 ± 0.15 0.45 ± 0.04 0.56 ± 0.07 2.08 ± 0.21 2.86 ± 0.32 0.54 ± 0.09 3.38 ± 0.62 
Hawkmoth 0.59 ± 0.07 0.36 ± 0.06 0.51 ± 0.06 1.46 ± 0.10 2.00 ± 0.25 0.71 ± 0.10 0.64 ± 0.12 
Butterfly 0.62 ± 0.05 0.35 ± 0.06 0.48 ± 0.05 1.45 ± 0.07 2.43 ± 0.34 0.68 ± 0.14 0.82 ± 0.08 
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FIGURE 1 | Flowers of the fifteen Nicotiana species studied herein, organized by 
phylogenetic sections within the genus 
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FIGURE 2 | Sugar profiles among the fifteen Nicotiana species studied herein. A) Sum 
of total sugar content highlighting the contributions of each of the three main sugars. B) 
Ratio of fructose to glucose. C) Ratio of sucrose to the total hexose content. Error bars 
represent standard error.  
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FIGURE 3 | Amino acid profiles of the fifteen Nicotiana species studied herein. A) Sum 
of total amino acid content highlighting the contributions of non-proteinaceous, essential, 
and non-essential amino acid categories. B) Proportion of non-proteinaceous, essential, 
and non-essential amino acid categories. C) Percentage and concentration (mM) of 
proline in each species nectar. Error bars represent the standard error.  
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FIGURE 4 | Hierarchical clustering analysis of the 27 quantified nectar metabolites 
grouped by Nicotiana phylogenetic section.  
 
 
FIGURE 5 | Sugar and amino acids profiles of ten Nicotiana phylogenetic sections. A) 
Sum of total sugar content highlighting the contributions of each of the three main sugars. 
B) Sum of total amino acid content categorized as non-proteinaceous, essential, and non-
essential amino acids. Error bars represent the standard error.  
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FIGURE 6 | Hierarchical clustering analysis of the 27 quantified nectar metabolites 
grouped by preferred pollinator.  
 
 
 
FIGURE 7 | Sugar and amino acids profiles of the Nicotiana nectars categorized by the 
preferred pollinator. A) Sum of total sugar content highlighting the contributions of the 
three main sugars. B) Sum of total amino acid content categorized as non-proteinaceous, 
essential, and non-essential amino acids. Error bars represent the standard error.  
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FIGURE 8 | Concentration of pollinator stimulating amino acids in nectars of different 
Nicotiana species as categorized by the preferred pollinators. Different letters above each 
data-bar indicates statistical significance in different abundances (q-value < 0.05) 
 
 
 
 
FIGURE 9 | Proportion of significant pairwise comparisons (q-values <0.05) of nectar 
components from Nicotiana species of different phylogenetic sections and from species 
categorized by the preferred pollinators.   
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CHAPTER 5. GENERAL CONCLUSION 
The synthesis and secretion of nectar is a dynamic process, which has developed in 
multiple evolutionary lineages and is influenced by ecological factors (Weber and Keeler, 
2013). It is therefore highly plausible that multiple molecular mechanisms underlay nectar 
synthesis and secretion, especially when considering the contrasting nectar secretion patterns 
among floral and extrafloral nectaries displaying either a fixed ontogenetic pattern or induction 
by environmental stressors (Wäckers and Bonifay, 2004). Variation in nectary structure, 
‘nectarostomata’ versus trichomatic containing, will also drastically alter the final mechanism 
of nectar release. In this dissertation, analyses of nectary transcriptomes and proteomes in 
conjunction with the metabolomes and proteomes of the secreted nectar from Gossypium 
hirsutum, Cucurbita maxima, and a survey of Nicotiana species enable us to address the 
following aspects of nectar biology: (1) the influence of phylogeny and ecology on nectar 
composition, (2) post-secretory modification of nectar catalyzed by nectar proteins (nectarins), 
and (3) characterization and conservation of key modules of nectar synthesis and secretion.     
A characterization of nectar metabolomes using a robust GC-MS based strategy 
revealed a parallel between nectar composition and the feeding preferences of the target 
animal-mutualist(s) more so than a correlation between nectar composition and phylogeny. 
This is observed in the extrafloral nectar of G. hirsutum and the floral nectars of G. hirsutum, 
C. maxima, and the genus Nicotiana. Most commonly, the sugar and amino acids profiles 
varied among the nectar types reflect the dietary requirements of the animal-mutualist to 
sustain foraging and neuronal response elicited by phagostimulatory metabolites. (Baker and 
Baker, 1983; Chen and Welch, 2014; Gardener and Gillman, 2002; Hendriksma et al., 2014; 
Waller, 1972). For example, nectars typically consumed by bees contained the highest 
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concentrations of proline, a strong phagostimulatory metabolite that also provides rapid energy 
source for initial insect flight (Bertazzini et al., 2010; Carter et al., 2006; Gardener and Gillman, 
2001; Teulier et al., 2016). Additionally, the survey of nectar sugar and amino acid profiles 
from 15 species of Nicotiana illustrated the impact of flowering time on sugar profiles. Night-
flowering species produce a dilute nectar with a high sucrose-to-hexose ratios, while the day-
flowering species have the highest fructose-to-glucose ratios. Night-flowering plants can 
afford secreting a more dilute nectar solution, because at the lower night temperatures, 
evaporation rates are decreased (Witt et al., 2013).   
In addition to small molecules, nectars also contain nectarins that catalyze post-
secretory modifications to the nectar to confer anti-microbial properties (Carter and Thornburg, 
2004; Hillwig et al., 2010, 2011; Kram et al., 2008; Zhou et al., 2016) or modify carbohydrates 
(González-Teuber et al., 2010; Nepi et al., 2011, 2012). The C. maxima nectar proteomes 
contained sex-dependent nectarins potentially functioning to modify nectar carbohydrates. The 
female nectars contained galactinol--sucrose galactosyltransferase 2, an enzyme utilizing 
galactose as a substrate and producing myo-inositol and raffinose. This may explain the 
significant reduction of nectar galactose levels in female nectar as compared to male. In C. 
maxima male nectars, the presence of invertase may explain the slight reduction in male nectar 
sucrose levels compared to females, as this enzyme catalyzes the hydrolysis of sucrose to 
glucose and fructose.  
In trichomatic nectaries, like those of cotton, the cell wall and cuticle are physical 
barriers to the final release of nectar into the environment where it can function biologically. 
The ultrastructural analyses coupled with the transcriptomes of G. hirsutum nectaries as they 
develop, exemplify for the first-time, biochemical alterations to the cell wall and cuticle to 
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facilitate nectar release. Structurally, cell wall ingrowths developed on the papillae head cells 
and the cuticle separates form the cell and develops microchannels. Supporting these structural 
features, genes related to cell wall structure and cuticle deposition were significantly 
upregulated at the secretory stage.      
Through the robustness of ‘omics’ technologies at the turn of the century, there is 
mounting molecular genetic evidence for conservation of a core set of genes utilized for the 
incorporation of nectar sugars in the floral nectars of eudicots within the Brassicaceae, 
Solanaceae, and Cucurbitaceae families (Hampton et al., 2010; Kram et al., 2009; Lin et al., 
2014; Liu and Thornburg, 2012; McKim et al., 2008; Ren et al., 2007; Ruhlmann et al., 2010; 
Solhaug et al., 2019; Thomas et al., 2017). The metabolic processes performed by these core 
genes validate the eccrine model of nectar secretion dependent on plasma membrane localized 
pores and transporters for the release of nectar metabolites (Fahn, 1979). In short, these 
conserved metabolic processes initiate with the storage of starch in the nectary tissue. At the 
time of nectar secretion, the stored starch is degraded and utilized for the synthesis of sucrose. 
Sucrose is then exported to the apoplasm by the uniporter SWEET9 in a concentration 
dependent manner. Lastly, extracellular hydrolysis of sucrose via CELL WALL 
INVERTASE4 (CWINV4) generates the hexose constituents of nectar, glucose and fructose 
[reviewed by (Roy et al., 2017)].      
 This dissertation demonstrates conservation of this eccrine model in the floral nectaries 
and reproductive extrafloral nectaries (i.e. bracteal and circumbracteal) of G. hirsutum as 
evident by transcriptome gene expression profiles as the nectaries progressed from the pre-
secretory to secretory to post-secretory developmental stages. A partial conservation was also 
demonstrated in C. maxima floral nectaries by proteomic analyses of the male and female 
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nectaries throughout development. Within the C. maxima proteomes, SWEET9 and CWINV4 
homologs were not identified. This lack of CWINV4 detection in C. maxima combined with a 
decreased expression of CWINV4 in G. hirsutum reproductive extrafloral nectaries suggests 
that production of sucrose-rich nectar does not require high expression of CWINV4, when 
compared nectaries producing a hexose-dominant nectar such as Arabidopsis (Ruhlmann et al., 
2010). Both the G. hirsutum and C. maxima ‘omics’ datasets indicate that in addition to 
SWEET9, other transmembrane transporters, such as plasma membrane-H-+-ATPase and 
sugar:proton symporters, play a role in nectar production. This may be particularly important 
in the foliar extrafloral nectaries of G. hirsutum which did not display conservation of the 
eccrine model. Additionally, ultrastructural analyses of the G. hirsutum nectaries illustrated an 
abundance of druses in the nectariferous parenchyma, potentially sequestering calcium thus 
preventing its inhibitor effect on plasma membrane ATPases (Aguero et al., 2018; Kronestedt 
et al., 1986; Tölke et al., 2018). It has been previously suggested that plasma membrane-H-+-
ATPase generate a proton gradient providing energy of active export of nectar metabolites into 
the apoplasm (Peng et al., 2004; Vassilyev, 2010).      
 The nectary transcriptomes of G. hirsutum revealed an upregulation of genes associated 
with nitrogen assimilation, amino acid biosynthesis, and amino acid transporters at the pre-
secretory and secretory stages. These processes were particularly pronounced in the floral and 
reproductive extrafloral nectaries. This indicated the potential for de novo synthesis of amino 
acids within nectaries followed by active transport of the amino acids leading to their 
incorporation within the nectar.  
 To summarize, nectar synthesis and secretion is a complex process optimized from 
species to species to meet specific biological functions, facilitate pollination or provide a 
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source of indirect defense. Many nectaries can utilize stored starch to generate nectar sugars, 
but the predominate molecular mechanisms functioning to transport these sugars may vary 
between nectaries. Lastly, nectaries appear capable of de novo synthesis of nectar metabolites.     
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